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CHAPTER 1 INTRODUCTION 
aý ABSTRACT 
The survival and fecundity of the adult stage of the ecto- 
parasitic digenean, Transversotrema patialense, on the fish host, 
Brachydanio rerio, have been experimentally examined by means of 
laboratory infections. The age and density dependence of these pop- 
ulation parameters was investigated, and, in addition, the importance 
of the density independent parameter, water temperature, has been' 
assessed. 
The experimental results demonstrated that both survival 
and fecundity are age dependent and density dependent. Temperature 
was found to greatly influence both survival and fecundity, the opti- 
mum conditions being about 230C. Fecundity was also found to be in- 
fluenced by cyclical changes in illumination with most egg production 
occurring during darkness. 
The survival and fecundity of flukes on reinfected hosts 
and the survival of flukes transplanted onto previously uninfeoted 
hosts provided no evidence for the existence of a host generated 
immune response to the adult fluke. 
A niche parameter, host size, was examined and it was 
demonstrated that parasite survival was reduced on small hosts. 
Growth of the adult parasite on the fish host was age 
dependent increasing rapidly in early life, rising to a plateau at 
approximately four weeks at 23°C., after which no further growth in 
size was observed. The vitelline glands exhibited a faster increase 
in area than the rest of the adult fluke in the first two weeks post 
infection. At high initial parasite densities, there was a density 
dependent reduction in parasite size. 
The influence of different osmotic environments on the 
23 
infectivity and survival characteristics of cercariae, the survival 
of decaudated cercariae, and the survival and fecundity of adult 
flukes invitro was investigated. Adult flukes became highly water 
sensitive within five minutes post infection, whereas decaudated 
cercariae did so to a much lesser extent. Survival of adult 
flukes in saline solutions was not enhanced by the addition of 
glucose or by the use of sterile conditions. Egg production was 
quickly terminated under in vitro conditions and was not affected by 
illumintion. 
These results are discussed in the context of existing 
literature on parasite population dynamics. 
f 
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b) The Transversotrema life cycle as a laboratory biological model 
The Transversotrema-Melanoides-Braohydanio system is an ext- 
remely useful biological model for the study of the biological and 
physical processes which control the population dynamics of complex 
host-helminth interactions. To gain insights into the population 
biology of such a system a detailed investigation of the many biolog- 
ical processes such as birth, death and transmission rates which 
govern the flow of parasites through their life cycles is ideally 
required. 
This thesis is principally concerned with 4, "detailed study of° 
the adult parasite on its fish host. It is a component of a larger 
project which seeks to analyse the population dynamics of the whole 
life cycle of the parasite (fig. 1). This type of approach to the 
study of host-parasite systems is extremely difficult to attempt in a 
field situation and has rarely been attempted in a rigorous manner 
within the laboratory. For example a task such as counting animal 
numbers, which is simple for many free living populations, is extreme- 
ly difficult for endoparasites. To achieve comprehensive quantitative 
information on the processes outlined above, information which already 
exists for the population biology of some free living organisms and 
host-parasitoid systems, a laboratory biological model must be employ- 
ed. The Transversotrema system has a number of characteristics which 
make it well suited to this role. 
The definitive and intermediate hoot are both exceptionally 
robust and easily maintained under laboratory conditions. The def- 
initive hosts are small, unlike those of some digeneans that have been 
used previously in laboratory experiments. Large numbers of these 
small fish hosts can be easily accomodated, enabling a high degree of 
replication where necessary. Compared with any mammalian host the 





Diagrammatic flow chart of the population processes in- 
volved iný, the"life cycle Transversotrema patialense (Modified after 
Anderson and Whitfield 1975 and AncQrson et al 1977)" 
n. b. There are at least two, and possibly more, distinct redial 
populations within the intermediate host. These are combined into 
one here for. greater clarity. 
The solid line demarcates those areas of the life cycle 
investigated principally in this thesis. 
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hosts can be easily induced to reproduce in the laboratory and both 
occupy the same aquatic niche unlike some digenean life cycles that 
involve, for example, an aquatic snail and a largely torrential vert- 
ebrate. Thus it is possible to maintain all stages of the life cycle 
in a single small heated aquarium for long periods with only minimal 
attention. 
An outstanding advantage of the system is the ectoparasitic 
niche of the adult parasite, the adult parasite living under the 
scales of the fish host. This unusual site for an adult digonean 
enables the parasite population levels on the hosts to be accessed 
easily, accurately and non-destructively thoughout the duration of an 
infection. This is simply achieved by examining the surface of 
anaesthetized hosts under a low power microscope. The eggs pass dir- 
ectly from the parasite into the external aqueous environment. 'thus 
no separation of eggs from faeces is necessary and a simple filtration 
technique enables the 'entire egg output of the parasites on a hoot 
to be easily assessed as often as required. This, in conjunction 
with the accurate determination of parasite numbers, enables mean egg 
output per parasite to be determined throughout the course of an 
infection on each host. In addition, it is extremely easy to manip- 
ulate parasite numbers by the removal of adult flukes at any stage in 
their development without apparent damage to the host. The adult 
fluke has a relatively brief life span on the definitive host and 
patency occurs extremely soon after infection. 
Other parasitic stages in the system also present advantages 
for quantitive studies. For example, it is easy to observe and 
handle the cercaria due to its relatively large size. This enables 
infection experiments to be carried out with precisely known oorcarial 
numbers and the production of parasite populations of predetermined 
size on individual hosts. 
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c) Transversotrematid biolo®r 
The family Transversotrematidae is a taxon of digeneans 
that are ectoparasitic on their definitive hosts. This ecto- 
parasitic niche is shared by only very few other digeneans, the avian 
eye fluke of the genus Philopthalmus being an example, (Fried, 1962). 
The typical transversotrematid has a two host life cycle 
(fig. 2). Soparkar (1924) first obtained a cercaria from the snail, 
Melanoides tuberculatus (. M. tuberculata) in a stream serving irriga- 
tion ditches in the Punjab and named it Cercaria patialensis. The 
first adult transversotrematid, T. haasi, was obtained from an unknown 
Red Sea fish (Wittenberg, 1944)" These and a number of other field 
observations all report transversotrematids infeoting either snails 
belonging to the super-family Cerithiidae, or a wide range of fresh 
water, marine and euryhaline fish. A full record of the traneverso- 
trematid species, their distribution and definitive and intermediate 
hosts is given in Appendix 1. These field observations have been 
augmented by the experimental work of Crusz, Ratnayako and Sathan- 
anthan (1964) and Sim (1972) who completed the life cycles of trans- 
versotrematid species in the laboratory. For both T, patialonse and 
a Malayan variety of Tranaversotrema, the definitive hosts were fish, 
and the intermediate host, M. tuberculata (Appendix 1). 
Adult transversotrematids inhabit recesses under the scales 
of their fish hosts (Crusz at al, 1964; Rao and Canapati, 1967; Angel, 
1969; Manter, 19659 1970; Pande and Shukla, 1972; Sim, 1972). Velas- 
quez (1958) is alone in finding specimens of T. lanzei in the intestine 
and muscle of the brackish water fish bates caloifer and later 
(Velasquez, 1961) in the opercular cavities, gills and muscle. On 
this occasion, however, most specimens werd located in the noripal 
sub-scale site. Whilst a basically ectoparasitio organism could 
FIG. 2. 
Fig. 2 
A diagrammatic representation of the biological features of 
the life cycle of Transversotrema patialense. The parts of the dia-, ' 
gram are not drawn to scale. 
K 
a. Definitive host (Brachydanio rerio) showing a single adult 
fluke. - 
al. An adult flukee 
a2. A section showing the adult fluke in the recess under the 
host's scale. 
b. Nature, operculate, egg containing fully developed ciliated 
miracidium. 
c. The intermediate host (Melanoides tuberculata). 
d. The developmental stages of the parasite inside the snail host. '" 
dl. Sporocyst (produces rediae). 
d2. Redia-producing redial generation, 
d3. Cercaria-producing redial generation. 
d4. Young cercaria. 
d5. Mature cercaria. 
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gain access to the gills and opercular cavity, it is hard to conceive 
mechanisms whereby it could also live in both the muscles and intest- 
ine. The small numbers of parasites reported from these latter sites 
(two from each) and the absence of such reports from morphologically 
similar species must cast doubts on the accuracy of these results; 
though only further work on this species T. larvoi can resolve these 
anomalies. 
The adult stage in the life cycle found under the fiches 
scales has been described as a prog'enetio metaceroaria (Velasquesp 
1961; Crusz and Sathananthan, 1960; Crusz et all 1964) despite the 
presence of eggs in the uterus of some individuals. Olivier (1947) 
suggested that "the lack of evident adaptation for penetration and 
its precociousness suggest that the cercaria may develop directly 
into an adult in a fish or some other suitablo host". Rao and 
Ganapati (1967) suggest that, despite the absence of egge in the 
uteri of the specimens they found under the scales of fiaheo, theme 
might, in fact, be adults and they considered that there might not be 
a metacercarial stage. 
Later authors, whether or not eggs were preaont, have been 
in agreement that the stage living beneath fish ecalco was indeed the 
adult parasite (Manter, 1970; Pande and Shukia, 1972; Angel, 1969; 
Anderson and Whitfield, 1975)" 
From the uterus of the adult fluke tanned, negatively bouy- 
ant eggs are released directly into the water surrounding the fish 
host. Sim (1972) gives the only account of the egg's development 
for a "Malayan" species closely allied to T. patialense. She showed 
that a ciliated, bioccelate miracidium develops from zygote within 
the egg after the egg's release. After 17-20 days the miraoidium 
hatched from the operculate egg. Under Sim's experimental conditions 
the miracidium swam rapidly for 30 minutes after which, unless it 
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succeeded in infecting its intermediate host, M. tuberaulata, its 
movements became increasingly sluggish before eventual death. The 
miracidium of this "Malayan" form was not observed to be strongly 
attracted to M. tuberculata and actual penetration of the snail was 
not observed. 
The partial accounts of the developmdntal-"stages of trans- 
versotrematids in the intermediate host given by Soparkar (1924), 
Olivier (1947), Anantaraman (1940), Brien (1954), Velasquec (1961), 
Panay (1971), Nadakal, Mohandas and Sundararaman (1969) and Rao and 
Ganapati (1967) are all substantially in agreement except on some 
morphological features for the various transversotrematids described. 
These morphometrio characters are an unreliable method for 
contrasting soft bodied and highly contractile organisms. The 
following account of intra-molluscan development is based largely on 
that of Sim (1972) who has provided the most complete of the existing 
descriptions for the development of the "Malayan" form of Transverso- 
trema. 
Highly contractile and motile sporooysts were found close 
to the surface of the snail host, especially at the base of the foot. 
First generation rediae, produced by the sporocysts, migrated to the 
spaces between the snails digestive gland and the overlying conneot- 
ive tissue and haemolymph spaces between the digestive gland and the 
shell. The rediae have a prominent muscular pharynx (Soparkar, 1924; 
Olivier, 1947) leading to an elongated and fairly narrow gut extend- 
ing backwards nearly half way along the body (Sim, 1972). An incon- 
spicuous birth pore is present about half way along the body (N. A. 
Moloney, Zoology Dept., King's College, London, personal communica- 
tion)*, The shape of the first generation rediae varied from globular 
to pyriform (Soparkar, 1924). 




into daughter rediae. Cercarial production is commenced by the 
second or third redial generation (Sim, 1972). 
Only partially developed transverootrematid cercariae are 
found within the rediae (Soparkar, 1924)" After leaving the rediae 
they attain maturity in the digestive gland (Pandey, 1971). The 
time taken for the whole process from the infection of the snail to 
the first observed cercairial shedding appears to vary considerably 
from "well within" 35 days (Crusz et al, 1964) to 150-170 days (Sim, 
1972)" 
All the tranaversotrematid cercariae described possess a 
similar unique morphological pattern. The body is highly flattened 
dorso-ventrally. The bifurcate tail bears two lateral arm-like pro- 
cessea at its proximal end. Anatomically the body of the cercaria `' 
is extremely similar to that of the adult parasite (fig. 3) The 
a 
presence of motile sperm in the testes and seminal visioles and of 
oocytes in the ovary suggest a degree of sexual precocity that is ext- 
remely unusual amongst digeneans. The only feature of the reproduct- 
ive organs not showing a high degree of development is the vitelline 
system. 
The swimming configuration of T. patialense has been desorib- 
ed by Soparkar (1924) and its method of attachment to the definitive 
host by Rao and Ganapati (1967)'. The following account is based 
mainly on that of Whitfield, Anderson and Moloney (1975) who describ- 
ed these processes in greater detail. In its normal swimming config- 
uration the cercarial head is hinged back and folded round the tail. 
It is probably anchored to the tail by its ventral sucker and the 
"aims" project anteriorly with respect to the cercarial head (Whit- 
field et all 1975). This folding of the body is probably an adapta- 
tion to give a hydrodynamically efficient shape for the tail-first 





A, diagrammatic representation of the main morphological 
features of a mature adult of Transversotrema patialense. A dashed 
circle marks the position of the ventral sucker. 
e. pigment cup eye 
g. genital opening 
1. Laurer's canal 





rv. right lateral vitelline duct 
rt. right testis 
a. seminal vesicle containing motile sperm 
u. uterus 
v, vitelline cell 
vd. vas deferens 
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The cercaria swims in an erratic path propelled by the beat- 
ing of the tail stem and furcad. Brief bursts of swimming in a gen- 
erally vertical direction are followed by periods of head-first sink- 
ing in which the tail furcae act to retard the sinking speed of the 
cercariae (Whitfield et al, 1975). As the finite food reserves of 
the cercariae decline, swimming activity progressively decreases, the 
instantaneous death rate of the cercariae increases and infectivity 
decreases (Anderson and Whitfield, 1975). Although there is no evi- 
dence that the cercaria is specifically attracted to the fish host the 
arm processes appear to function in both contact recognition and 
attachment to the fish host. The former role is mediated by mammi- 
form receptors at the tips of the arms which appear to be contact 
chemoreceptors. At the distal end of each arm is an adhesive pad 
which is used to maintain contact with the host during attachment. 
The cytoplasm of the pad-region contains membrane-bounded adhesive 
granules, the contents of which are released during activation of the 
pad (Whitfield et al, 1975)" 
Once attached to a host by the pads the body of the ceroaria 
hinges forwards from the tail bringing the dorsal side of the body 
into contact with the fish. One pad then releases its grip on the 
fish and the cercaria turns over to bring the ventral sucker into 
contact with the fishes surface. The oeroaria crawls over the our- 
face of the fish until the anterior edge of the body is pushed under 
the edge of one of the hosts scales. It then pushes its way under 
the scale after which the tail is shed. (Whitfield et alp 1975)" 
After two to seven days egg release oommenoee (Sim, 1972)" 
The shortness of the developmental period can probably be attributed 
to the progenesis displayed in the cercarial stage of transveraotrem- 
atids. Only tail loss and the fuller development of the vitelline 
glands are necessary to convert the cercaria into a sexually compet- 
ent adult. 
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The adult and cercarial body surfaces of traneveraotrematida 
are covered with backwardly directed spines arranged quincuncially. 
Their shape is variously described as, triangular (Soparkar, 1924) and 
shield shaped (Moloney, Zoology Dept., King's College, London unpub- 
lished data) for T. patialense, and shield shaped for T, haaoi (Witen. 
berg, 1944). These spines may help the adult flukes remain lodged 
beneath the hosts scales. 
All the members of the genus Transversotrema have a morphol- 
ogy similar to that of T. patialense (fig-3). A point of controversy 
in the literature is the nature of the oral opening. Soparkar (1924), 
Olivier (1947) and Sim (1972) all consider the alit-like mouth to be 
surrounded by an oral sucker. and that the pharynx was absent. Witen. 
berg (1944) described the mouth as leading to a globular pharynx and 
that there was no oral sucker. Velasques (1959,1961), AnantarAmnn 
(1948) and Pandy (1971) dispute observations of an oral sucker and 
report the presence of a pharynx. There is, however, no dispute that 
only one structure is present in contrast to the one species described 
for the genus Prototransversotrema, P. steeri (Angel, 1969) which does 
possess both an oral sucker and a pharynx. From the description of 
Angel (1969) the oral structure present in the genus Transvorsotrema 
is not exactly analogous with either structure in Prototranoversotrema. 
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d) The Biology of the Experimental Hosts. 
i) Definitive Host: Brachydanio rerio (Hamilton-Buchanan 1822) 
Although a wide range of tropical, and semi-tropical, fish 
are suitable definitive hosts for T. ap tialense (Whitfield and Wells, 
1973), a small cyprinid, Brachydanio rerio, was selected for use in 
all the.:: oxperimentAl infections carried. out. The genus Brachydanio 
is native to India, Burma and Indonesia (Henovey and lIemn, 1965); 
species in the genus are all omnivorous and oviparous. They are all 
ready for breeding by the age of one year and rarely live longer than 
three years. The genus contains one recorded natural host of 
T_patialense (Appendix 1 (Dr. C. Betterton, University of Penang, 
personal communication)). 
B. rerio (common names Zebra danio, Zebra £iah) is native to 
India from Bengal to the Coromandel coast. The back iU olive green. 
Alternate strips of silver and blue extend from the gill cover to the 
tip of the caudal fin and are repeated on the anal fin, T he dorsal 
and pelvic fins are hyaline. Hair-fine colourless barbels; are 
present. In the wild a fork length of 50mm may be obtained though 
in the laboratory a length of 40mm was never exceeded. 
B. rerio has been studied extensively by fish biologists 
because it is easily obtainable, inexpensive, resistant to disease, 
readily maintained and cared for, and, given appropriate oonditions, 
will provide large numbers of eggs. B, rerio has been widely used 
in monitoring the effects of mutagenio, carcinogenic and teratogenic 
substances, as well as direct toxicants. An extensive review of the 
literature on B. rerio has been compiled by Laale (1977)" 
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ii) Intermediate Host: Melanoides tuberoulata (Muller). 
Melanoides tubereulata (common name Malayan burrowing 
snail) has an extremely wide distribution ranging from South East 
and Southern Asia to Northern and Western Africa. Recently there 
have been reports of the establishment of M. tuberculata and related 
Thiarids in the Southern United States, Jexico and Puerto Rico, 
probably connected with their accidental release by aquariets (Clench, 
1969; Hurray, 1971; Abbott, 1972; Kotrla, 1975). M. tuberculata io 
common throughout Britain in the tanks of aquarists but could not 
become established ferally in our climate. 
M. tuberculata is a member of the family Thiaridae, cuper- 
family, Cerithaceae, and order Mesogastropoda (Went, 1935)" The 
Thiarides are unusual in that they are parthenogenetic and viviparous. 
Few males have been found and the females brood the young in a pouch 
behind the head without any sexual process. Some members of the 
family harbour digenean parasites of medical importance including 
Opiäthorchis viverrini and Paragonimus SD. (Ow-Yang and Yon, 1975). 
M. tuberculata is a host for well over 30 digeneana (Sewell, 1922; 
Mohandas, 1974; Anantaramant 1972). 
The macroscopic anatomy of M. tub©rculata has been doeoribod 
by Berry (1974) and in greater detail by Yousif (1975). The growth 
rate and reproductive anatomy have been described by Berry and Kadri 
(1974) who dissected over 400 specimens, all of which were female. 
The external appearance of M. tuberoulata is highly vari- 
able. The shell varies from prominontly sculptured to smooth and 
from black to pale brown with a wide range of intermediate and patt- 
erned varieties. In some forms the tip of the opine tends to become 
eroded as the snails grow. Due to the parthenogenetic mode of rep- 
roduction natural cloning occurs and only one variety is usually 






The experimental definitive host of Transversotrema patial- 
erase utilised throughout this study Brachydanio rerio.. 
Plate 2 









An adult specimen of Transversotrema patialense 
(Courtesy P. 'J. "Whitfield, Zoology Dept., King's College, London. 
). 
Plate 4 
A transverse section showing from the top downwards 
1. A section through a scale of B. rerio 
2. A section through an adult T. patialense lying below the scale 
3. A section through another scale lying beneath the parasite 
4. The epidermis and muscle of the host 
Plate 3 
An adult specimen of Transversotrema patialense 
(Courtesy P. J. Whitfield, Zoology Dept., King's College, London. ). 
Plate q 
A transverse section showing from the top downwards 
1. A section through a scale of B. rerio 
2. A section through an adult T. patialense lying below the scale 
3. A section through another scale lying beneath the parasite 
4. The epidermis and muscle of the host 
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e) Parasite population dynamics 
There is, in the ecological literature, a wealth of data 
on the population dynamics of free living organisms, obtainod from 
both field and experimental work. The existence of this data has 
allowed the development of a wide range of mathematical models dea- 
cribing population processes. These models provide insights into 
the ways in which the interactions of free living organisms, with 
the physical, and biotic, factors in their environments, affect the 
dynamics of individual species, and multi-species interactions e. g. 
Southwood and Comina (1976) and Hassel, Lawton and May (1976). 
Due to the ease with which the experimental manipulation 
of host-parasitoid interaction can be accomplished, a corresponding 
literature exists for the description of the dynamics of populations 
of parasitoid insects(Hassel (1968,1971), Hassel and Maly (1973), 
Hassel, Lawton and Beddington (1976)). 
These interactions however, have more in common, and 
indeed are a specialised form of, predator prey-interaction, because 
the host organism is invariably killed by infection with a single 
larval parasite. 
The following review of the population dynamics of the 
true parasites is by no means comprehensive, but is intended to give 
a broad outline of current experimental, and theoretical, progress 
in determining those factors which influence the dynamics of para- 
site. populations. 
The growth and decay of parasite numbers are controlled by 
rates of change usually called population parameters, such as birth, 
death and transmission rates. The complex life cycles of parasite 
species may involve several distinct populations of parasites. This 
can include free living larval populations and stages, in one or 




host. This will increase the number of population, or rate, para- 
meters controlling the dynamics of parasite populations. 
These parameters constitute the components of a population 
interaction and hence dictate the population properties of two 
species interactions as between parasite and host. The population 
parameters are invariably functionally related to a variety of phys- 
ical variables, such as temperature and many biological variables, 
such as the number of parasites per host. 
There have been a number of experimental and field ntudiee 
on the population dynamics of the free living stages of parasites. 
A common feature of these studies is the demonstration of age depend- 
ent survival, a pattern generated probably as a consequence of 
limited, and non-renewable, energr reserves. The larvae of many 
digenean parasites show age dependent survival, for example, the 
survival curves of the miracidium of Schistosomatium douthitti 
(Oliver and Short, 1956) and of Phyllodistomum spa. (Ubelaker and 
Olsen, 1970) and cercariae of Transversotrema patialense (Anderson 
and Whitfield, 1975; Anderson et all 1977) and Schistosoma mansoni 
(Asch and Drane, 1972). 
Examples among other groups include the firnt stage larvae 
of the nematode Bunostomum trianocephalum (Narain, 1965), the third 
stage larvae of Dictyocaulus filaria (Gallie and Nunnt, 1976) and 
hexacanth larvae of Hymenolepis diminuta (Anderson and Lethbridge, 
1975). 1 
In addition, Anderson and Whitfield (1975) and Anderson 
and Lethbridge (1975), demonstrate a corresponding decline in the 
energy reserves of the cercariae and hexacanths respectively. 
Survival can be influenced by a wide range of' environment-' 
al variables such as temperature and humidity. The survival of 
free living larvae of Stronnyl. oidea ratti, for example, deolinea 
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above and below 15°C (Barrett, 1968) and survival of eggs and larvae 
6" 
of Haemonchus contortus decline above and below an optimum (Todd, 
Levine and Boatman, 1976). Survival of free living larvae of 
Dictyocaulus viviparus is affected by both temperature-and humidity 
(Rose, 1956); survival of first stage larvae of Camallanus oxyceph- 
alus depends on salinity and temperature (Stromberg and Crites, 
1974) and the survival of miracidia of Schistosomatium douthitti is 
dependent on temperature and pH. 
Thus it would appear that the survival of these free living 
stages may be a complex function of age and environmental conditions. 
The rate of transmission of an infeotive larval stage into 
a host population is governed by a wide range of processes. If the 
larval stage is free living, the age structure of the population may 
be of importance, due to reductions in activity and, hence, infect- 
ivity, with age. Por example the rate of infection of copepods by 
Camallanus oagrcephalus (Stromberg and Crites, 1974) and of fish by 
cercariae of Transversotrema patialense (Anderson and Whitfiold, 
1975) and Cercaria floridensis (Miller and McCoy, 1930) are all 
highly age dependent. 
Apart from age dependence, infectivity io often influenced 
by environmental variables. Infection of Pisidium sp. by miracidia 
of Phyllodistomum sp. has been shown to be temperature dependent by 
Ubelaker and Olsen (1970a). Infection of mice by cercariae of 
S. mansoni is dependent on ionic status (Asch, 1975). 
The size of the host environment appears to affect the 
immigration of the monogenean gill parasite Diplozoon paradoxum 
(Anderson, 1974) into its fish host. The age of the host affected 
infection by miraoidia of Phhyllodistomum sps. (Ubelaker and Olsen, 
19709. The prior history of parasite infections in the population 
can also be important. For example, a decreasing proportion of the 
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nematode cattle parasite Ostertagia ostertagi became established in 
hosts as the length of existing infections increased (Michel, 1973). 
When: "a predator-prey relationship exists between definitive 
and intermediate host, the transmission rate may depond on the dis- 
tribution of parasites in the intermediate hosts. For example, 
large populations of the eye fluke Diplostomum c2athaoeum, or the 
cestode Schistocephalus solidus, in Casterosteus aculeatua, produce 
behavioural changes in the hosts which increase the chances of pred- 
ation by the definitive host (Pennycuick, 1971). The feeding relat- 
ionship between the intermediate and definitive hosts of Caryophyll- 
aeus laticeps is governed by the density of the intermediate host in 
relation to alternative foods, the age structure of the hoot popular. 
tion and the season of the year (Anderson, 1974). The nutritional 
status of mice governs the rate of coprophagy and hence the rate of 
reinfection by the cestode Hymenolepis n=a which can have a diroot 
life cycle (Ghazal and Avery, 1976). 
Parasite populations within, or one a host may also ex- 
hibit age dependent survival. Two main causal factors appear to be 
operating to produce age dependence; one is senescence in the paraa, 
site, and the other is a time dependent immune response generated by 
the host. Often it is not possible to separate the influence of 
these effects because they occur concomitantly. 
In the poultry cestode Raillie:. tina oesticillus survival 
was markedly age dependent with little mortality in,, the first 42 
days post infection, but few worms remaining after 112 days (Cray, 
1972). In Nippostrongylus brasiliensis in the rat there is an 
initial loss of worms during migration through the host, followed by 
plateau phase in the intestine, and, finally, a decline in worm num- 
bers. The form of this age dependence changes in subsequent infec- 
tions when migratory loss increases, the plateau phase is shorter, 
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and the decline faster, probably due to increasing immune response 
by the host (Jarrett, Jarrett and Urquhart, 1968). 
Fecundity may also be age dependent and often ahowo an 
initial increase which may be associated with parasite growth, a 
factor which may itself be ague dependent. For example the growth 
of the eye fluke Philopthalsnus sp, in ducklings (Fried, 1962); the 
growth of the acanthocephalan Polymorphus minutun in ducks (Crompton 
and Whitfield, 1968) and that of R. cesticillus (Gray, 1972) wan ago, 
dependent with an initial fast growth rate which declines as aizo 
approaches a maximum. In the case of R. oesticillus, this is follow- 
ed by a steep decline in mean size duo to destrobilisation brought 
about by either an immune response, senescence, or both (Grapy, 1972)o 
Age dependent reductions in fecundity may be aucociated, 
at the level of the host, with a reduction in worm numbers, or a 
reduction in egg output per individual paraoites a distinction which 
is often difficult to make accurately in the ca2o of ondoparanitea. 
Again it is often impossible to distinguish the effects of oeneoo- 
ence and immunity in declining fecundity. 
In R. cesticillus proglottid production per hoot showed an 
initial steep rise, followed by a plateau and a decline which coin- 
cided with increasing parasite mortality (Gray, 1972). »ymenolouis 
diminuta infections in mice show a rise in egg output per mouse 
followed by a decline (Ghazal and Avery, 1974). Trichobilharzia 
ocellata in ducklings shows an age depeudont decline in fecundity per 
host (Rau, Boa= end Ellis, 1975)" This decline may be associated 
with the drop in worm survival between ton and twentyon© days poet 
infection (Bourns, Ellis and 8au,. 1973)" In Oatertapcia ontertc i 
faecal egg counts, per calf, rise to a peak followed by a logarith- 
mic decline (Michel, 1967). 
Schistosoma mansoni infections of mice gave £agcal egg 
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counts rising to a peak of 104 per worm pair 60 days post infection. 
Up to day 100 there was no apparent decline in worm-survival, or in 
the rate of oviposition, indicating an increased retention of aggro 
in: the host's tissue, possibly connected with a host generated 
immune response. There was, however, evidence-of some worm loss 
between days 100 and 141 (Kloetzel, 1967). 
Monkeys infected with S. mansoni show a draatio fall in 
egg production three months post patency (Cheever and Powora, 1969). 
At the same time the number of worms recovered at autopsy fallo and 
resistance develops (Smithery and Terry, 1965). The qual: Lt4tive 
cad po ra4, X6 
relation between the number of egu in the faece ohowever, is ill 
defined, though Thompson, Meicenh©lder, Moore and Waitz (1965) 
suggest that the overall decrease in egg production in due to doc- 
reased egg production by the remaining worms an well an worm doath. 
Moore and Sandground (1956) determined the daily rate of 
egg production per female 'S. manooni and S_japonicum in hamctora for 
both passed, and retained, eggs for 21 days Pont patenoy. The aut- 
opsy of one animal, 83 days poet patency, suggested that neither the 
rate of egg production per worm, nor the rata per hoot, chowod ago 
dependengy. 
Estimates for the rate of egg produotion by cchiotocomoo 
vary widely, partly due to the high proportion of eggs retained in 
the tissue, and because, eapeoially in human infeotiona, it is diff- 
icult to obtain information on worm burdens. Estimates of mean 
daily egg output per female worm vary from 8-35,000 eggs (Maodonnld, 
1968). 
If the host of a parasite is poikilothermio, environmen- 
tal variables, like temperature, may affect survival and fecundity. 
For example, in the viviparous monoGenean, Gyrodaotylus alexnnclri, 
reproduction at 7°C is only one third the rate achieved at 150C 
kh, 
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(Lester and Adams, 1974)" The tapeworm Caryophylaeus laticepa sur- 
viv ed in the orfe for up to one month at 12°C9 but for only three days 
at 18°C (Kennedy, 1971). Despite a failure to detect circulating 
antibodies against the worm (Kennedy and Walker, 1969), a temperature 
dependent immune response, rather than direct temperature dependent 
mortality, is postulated as the causal mechanism. Temperature was 
also the main factor controlling population levels of O. latioeps in 
the, bream (Anderson, 1976a), although this author argued that its 
effects were direct and not mediated by an immune response. 
Another class of mechanisms also oporates on parasites with- 
in, or on, their hosts. These are density dopendent factors and are 
generally considered to be of major importance in the long term stab- 
ility of animal populations (Anderson, 1976b). These mechanisms may 
act to reduce parasite survival or fecundity or both. These regul- 
atory processes may result from intra-specific competition for a 
limited resource in the parasites mioroenvironment, or a non-linear 
increase in the severity of host generated immune response with inc- 
reasing parasite density. 
Density dependent survival and fecundity have been observed 
in Hymenolepis diminuta with egg production per worm and per rat deo- 
reasing at population densities in excess of one worm per host (lessel- 
berg and Andresson, 1975), and recoveries of worms were reduced at high 
infection levels (Andresson, uindsbro and iiesselberg, in preparation). 
Similar results were obtained by Chappel and Pike (1976) with H, dimin- 
uta and Ghazal and Avery (1974) with Bymenolpis nana, except that in 
the latter case, the reduction in egg output per worm in at first off- 
set by the increased number of individuals per host. A reduction in 
parasite size was also observed by Ghazal and Avery (1974) and fleasol- 
berg and Andresson (1975) and earlier by Read (1951). This density 
dependent effect caused by a poor growth rate at high parasite dennit- 
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ies generally results in a reduced rate of egg production per worm and 
possibly reduced survival. The term "crowding effect" was originally 
used in the description of these processes. Competition for limited 
resources, rather than an immune response by the host, is the most 
likely cause of density dependent growth as antibody levels were not 
found to be correlated with the number of H. diminuta precont (iiarris 
and Turton, 1973) and primary infections had little effect on seoond,. ry 
one (Roberts and Mong, 1968). 
Similar results have been obtained from digeneann, oapooially 
flukes of the genus Fasciola. Density dependent growth (Roos, 1966), 
(Bitakarmine and Bwangamai, 1969), and densitydopendent egg production 
(Boray, 1969) have been observed in calves and Ross (1967) has report-. 
ed density dependent survival. 
Michel(1967) reported density dependent egg production in 
O. oatertagi with a similar egg output per host over a range of infect- 
ion levels, so that there appears to be a limit imposed by the host 
microenvironment, limiting egg production to a fraction of the potont- 
ial level, except at the lowest infection levels. Cortisone treat- 
ment raised, but did not remove the ceiling suggesting that both a 
competitive and immune component was involved. There was also a red- 
uction in the proportion of mature worms (Michel, 1970) and density 
dependent growth (Michel, 1971); at high parasite densities density, 
dependent survival was observed (Anderson and Michel, 1977). The 
varying nature of the immune response in the production of density 
dependent mortality has been well demonstrated in the case of Nippo. 
stronylus brasiliensis in rats. A single very large dose of larvae 
results in a complete expulsion of worms, the so called "self cure" 
phenomenom (Mulligan, Urquhart, Jennings and Nielson, 1965). however, 
small, single or repeated doses, elicited no response and intermediate 
doses a partial one involving some density dependent mortality and a 
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decrease in egg production (Jenkins and Phillipson, 1970; Jarrett et 
al, 1968). 
Another type of regulatory mechanism operates in the gantro- 
pod intermediate hosts of digenean parasites. The carrying capacity 
of the parasite microenvironment, and hence, ceroarial output, is 
influenced by factors such as host nutritional status (Anderson at al, 
1977) and the size of the host (Wright, 1971). Thus it is not our- 
prising that the number of miracidia of Fasciola hepatica entering the 
snail Lymnaea trunoulata has little effect on the rate of oeroarial 
output (Wilson and Draskau, 1976), so the greater miracidial density, 
the more will tend to be "wasted" on infected hosts. 
Increased host mortality, associated with inoroaoirg_para`. 
site burdens, can also act as a regulatory mechanism on parasite pop- 
ulations. The majority, of parasite populations studied in detail 
exhibit overdispersion; for example, three endoparaaitea of Canteron- 
reus aculatus (Pennycuick, 1971a, 1971b) and populations of C, latio©pa 
in Abramis bramae and Leuciacus leuciscus (Anderson, 1974; Kennody, 
1968). Crofton (1971a, 1971b) proposed a "lethal level" modol based 
on the overdisporsion of parasite populations. A consequence of the 
overdispersion of parasite populations is that a relatively small 
proportion of the host population will harbour a largo proportion of 
the parasite population. Crofton (1971a, 1971b) proposed that those 
hosts in which the parasite burden reached the "lethal level" would 
die, thus removing a relatively large number of parasites from the 
population at the expense of only a few hosts, Anderson (1976o) 
states that the "lethal level" concept would still operate to regulate 
parasite populations however they were dispersed. Purthez pore, 
Anderson and May (1977) provide empirical evidonce to suggest that 
there is a gradual increase in host mortality with increasing para- 
site burden rather than an actual "lethal level". For example, 
Hayes Bailer and Mitrovia (1973) found a positive correlation 
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between the number of metacercariae of F. hepatica administered to 
mice and the percentage host mortality, rather than a lethal level, 
and Grove and Warren (1976) obtained similar results with hamatero. 
Perhaps the most characteristic featuro of population 
studies on parasites in general, and helminth parasites in particular, 
is their scarcity. It is this paucity of imformation that has 
prompted the following study on Transveraotrema patialenne. 
hh, 
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CHAPTER 2 METHODS 
1. Transversotrema patialense life cycle maintenance 
To ensure a constant supply of infected hosts for experiments 
the life cycle of T. patialense was maintained in the laboratory. Tho 
methods used were similar to those described previously (Anderson and 
Whitfield, 1975), (Anderson et al, 1977). 
Standard polystyrene aquaria, capacity thirteen, litres, worn 
set up as life cycle tanks. Approximately three centimetres of fine 
gravel was placed on the bottom of each aquarium which was then filled 
with tap water. A growth of filamentous alga (Ciadocera ap. ) was eat-. 
ablished by the introduction of small quantities of this plant. The 
tanks were illuminated by 30 watt strip lights fitted to the undorcidos 
of the lids of the aquaria. The lights were controlled by a time 
clock (Smiths Autoset, Gallenkamp., Ltd) to provide a 12 hours on, 12 
hours off cycle of illumination and darkness. one hundred watt therm. 
ostat-heaters (Uno 100 watt automatic heater,. Wholeeale Tropioala Ltd) 
were placed in each tank and adjusted to give a water temperature of 
23-25°C. The tanks were aerated continuously. 
Between five and ten infected, and twenty and fifty uninfeot"- 
e" 
ed, specim, ne of Melanoides tuberculata were placed together in each 
life cycle tank. They browsed-on the Clado Gera, a. and on other 
algae growing in the tank. At weekly intervals the snails diet wait 
supplemented with between one and. two dried boiled lettuce leaven. 
The small cyprinid. fieh, Brachydanio rerio, has been shown 
to be a useful experimental definitive host for T. patialenne (Whitfield 
and Wells, 1973) (Anderson and Whitfield, 1974). Between three and 
five fish of this species were kept in each life-oyole tank. They 
were fed five times a week on a proprietary fish food (Tetra-min, 
Wholesale TropicalsLtd) in accordance with the manufaoturors 1natruoý- 
tions. This food may also have formed part of the diet of M. tuber- 
culata. 
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The infected snails in these life-cycle tanks shed cercariae which 
maintained the population of adult T. patialenäe on the fish. In turn 
the adult flukes under the fishes scales produced a constant supply of 
eggs. Inside these eggs miraoidia developed and hatched to infect the 
uninfected snails in the population and reinfeot those already infect-* 
ed. 
Periodically the snails were checked for cercarial production 
(Methods 2) and some infected specimens were withdrawn from the life. 
cycle tanke to supply ceroariae (Methods 3,4). In the conditions of 
the life-cycle tanke the snails reproduced earth enogonetically. At 
intervals juvenile snails produced in'thio way werd removed with a net 
to prevent overcrowding. 
2. Identification of infected snails 
Periodically M. Tuberoulata were removed from the life-cycle 
tanks and checked for infection. This was accomplished by placing 
each snail in a 20mle specimen tube containing approximately 10mb, of 
tap water. The snails were then placed in the dark in an incubator 
(Illuminated cooled incubator with timed cycling m-287, Gallenkamp 
Ltd) for one to three hours at 250C. Darkness has boon shown to 
stimulate cercarial release (Personal communication Drs. P. JXhitfield 
and R. M. Anderson, Zoology Dept., -King's College, London). The cpeoi- 
min-tubes were then examined at low power (x8) against a dark back- 
ground using a binocular microscope. The snails from any tube con. 
taming cercariae were transferred to infected snail holding tanke 
(Methods 3) and the others returned to the life-cycle maintenance 
tanks, 
3. Maintenance of infected snail populations 
Infected snails were maintained in conditions similar to 
Lý 
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those described for the maintenance of the life-cycle (Methods 1). 
However, the tanks in which they were kept were illuminated continuous- 
ly. The continuous illumination of infected snails tends to inhibit 
cercarial release (Personal communication Drs. P. J. Whitfield and R. M. 
Anderson, Zoology Dept., King's-College, ' London). 
4. Collection of cercariae from infected snails 
To obtain cercariae for infection and other experiments, 
snails from the infected snail holding tanks (Methode 3)-wore placed 
in 600m1 "Pyrex" crystallising dishes containing approximately 250m1s 
of tap water. These were then placed in the dark in an incubator at 
23-25°C. After half an hour the dishes were. removed and the onailo 
returned to the holding tank. leaving oercariae available for use. In 
experiments where cercariae of a more preoisley known age were requirod 
the periods of release were adjusted accordingly. 
5. Counting cereariae 
It was necessary to obtain known-numbora of oercariae to 
infect fish. Cercariae obtained from the-infeoted snail populations 
(Methods 4) were transferred individually from the 600ml orystallising 
dish into a 50ml crystallising dish using a Pasteur pipette and each 
transfer was recorded on a tally-counter. Only actively swimming 
cercariae were transferred. 
6. Maintenance of fish stocks 
A stock of B. rerio was maintained in conditions similar to 
those described for the maintenance of the life-cycle (Methods; 1) 
except that M. tuberculata were rigorously excluded and the tanks cub. 
jected to the natural illumination cycle. The stock was periodically 
replenished with new fish (Wholesale Tropicals Ltd), 
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'j.. Maintenance of fish in survival and fecundity experiments 
AU infected fish were individually maintained in transparent 
rectangular polystyrene sandwich boxes with a capacity of 1500mis and 
filled with 1200mis of tap water. ' Each sandwich box had a lid in 
which a hole was drilled to enable a branch of-an air supply oystem; to 
enter. Through this system each tank was aerated for a twelve hour 
period each day. 
In those experiments carried out at 23°C. a sooond hole was 
drilled in the tank lids to allow a- 30 watt-thermostat heater (Mini- 
matic thermostat heater, Tachbrook Tropicals Ltd) to be fitted to each 
tank. These heaters were adjusted until the water temperature in each 
tank was 23°C. ± 0.5°C. These tanks were subjeoted to the natural 
light-dark regime. 
In those experiments at other temperatures the infeoted tinh 
holding tanks and aeration system, was set up inside a cooled incubator 
(Pressed-Steel Fisher Ltd). This incubator was modified to give a 12 
hours dark, 12 hours light cycle by means of a 60 watt bulb connected 
to an external time clock. Again the tanks were aerated continually. 
In all cases the experimental fish were fed at leant five 
times a week with a proprietary fish food. Periodically the fish 
were removed from the holding tanks and the number of flukes determin. 
ed (Methods 11). Also, where necessary, the fish were not returned 
to the infected fish holding tanks. Instead they were placed in the 
egg collecting tanks to assess egg production (Methods 13). In all 
cases the egg collecting tanks were kept at the desired temperature in 
the cooled incubator. At the end of egg collection the number of 
flukes was again determined and the fish returned to the infected fish 
holding tank. 
8. Fish breeding and maintenance of young fish 
To obtain smaller fish for infeotion than those readily 
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available from suppliers, and to measure the growth rate of B. rerio, 
fish were bred in the laboratory. Several fish including a pregnant 
female, identified by its swollen abdomen, were placed in a tank con- 
taming Cladophora sp. and fine gravel. This -, tank was aerated and 
kept at 23°C. The female was examined daily-and as soon as the 
abdomen appeared to be less swollen all the fish were removed to 
prevent predation on eggs and newly hatched fry. Three days later 
fry were observed clinging to the sides of the tank. For the follow- 
ing two weeks Liquifry fry food (Wholesale Tropicals Ltd) was added to 
the tank twice daily to supplement the abundant, -planktonio organismo 
present in the tank. For the next-three weeks the fry wore fed on 
fine powdered food(Fry Food, Wholesale Tropicala Ltd). After this 
they were fed the standard diet. 
9. Measurement of fish growth 
A group of fish was bred in the laboratory (Methods ß). 
Every seven days they were anaesthetised and measured. The distance 
between the tip of the mouth and the fork of the tail wan recorded 
(fig. 6a). 
For the first four weeks the anaesthetic, rIS 222, was uned 
at the reduced strength of 1: 16,600 instead of 1: 10,000 w/v to anaee. 
thetise the fry. 
10. Infecting fish 
Before infection all fish were anaesthetised with I12 222 and 
examined to ensure no adult flukes were present. (Methods 11). For 
the survival and fecundity experiments a series of parasite dencitiee 
were required. To obtain infections at the level of one fluke per 
host, one cercaria was placed in a 50ml crystallising dish containing 
30mla of tap water at 23°C. A fish was fed and then placed in the 
dish with the cercaria in an incubator for six hours. Under these 
'ý_ 
conditions over 40% of the fish became infected. 
To obtain infections at densities of 2; "14 and 30 flukes per 
host, fish were placed in pots containing 6,37and 75 cercariae rose- 
pectively under the conditions described above. This again produced 
infection rates of over 40%, resulting in infections slightly in ex- 
cess of the desired levels in most fish,,: --Any-fish with Lower flukes 
than required were discarded, "- Those-fish with too'many flukos had 
the numbers reduced to the, desired level (Methods 12). This process 
was completed within 24 hours of'the commencement of the infection 
process. 
To obtain larger infections fish were placed in pots with 
known numbers of cercariae. ' In'this case the number of adult flukes 
was not subsequently adjusted to a predetermined level due to diffio»ý 
ulties encountered in counting accurately the numbers of adult flukoo 
present in large infections during the first 24 hours post infection. 
For experiments' where the number of adult £lukeo wan not 
important fish were put in dishes with 75 cercariao using the nothod 
described above but the number of adults was not adjusted to a prodet- 
ermined level. 
11. Counting adult parasites in infection experimento 
In infection experiments the number of adult tluk©a proaent 
r 
on a fish was estimated directly by the following method. Fish were 
individually anaesthetised using afresh solution of IS 222 (Sandoz) 
1: 100000 w/v. This is a specific anaesthetic for cold blooded vort- 
ebrates. The anaesthesia was accomplished in Coplin Jar lids. Fish 
ceased to move actively and lay on their sides after approximately 60 
seconds in the anaesthetic. 
The fish were then examined for adult flukes using a binoou- 




the fish were examined in turn for adult flukes. The dorsal and 
ventral surfaces were also examined as, flukes were occasionally found 
here. The pectoral fins were pushed aside with_a soft paintbrush to 
look for flukes hidden beneath; scales under them. Adult flukes usual- 
ly reveal their presence by their constant movement, which was made 
particularly evident because of the black eyespots. The flukeo could 
be seen through the fishes transparent scales. - Another useful 
initial indication of the presence of flukes, was the slight raising 
of scales under which parasites were lying. 
12. Removal of adult flukes from fish. 
In order to obtain infections of the required size (Methode 
10) and to provide adult flukes: forin vitro culture and for tra cforo 
to other hosts, adult flukes were removed from the anaoothotiood fish 
host using a microhook (fig. 5B). 
The microhook consisted of. a platinum wire loop-holder, 
fitted with a length of Hamilton Syringe oleaning wire measuring 
. 08 mm in diameter at the tip. This wird projeoted 10 mm abovo the 
top of the loop-holder and the top 1.5 mm was bent -round to form a 
hook. 
The flukes were dislodged from beneath the scales using the 
tip of the microhook. Usually the dislodged fluke wau left wrapped 
round the tip of the microhook. Occasionally, however, the fluke was 
dislodged into the anaesthetic from where it was removed with a 
Pasteur pipette to prevent reinfection. This operation was carried 
out against a dark background in a Coplin Jar lid at x12 magnification. 
13. Egg collection technique 
To collect the eggs which pass directly from the uterus of a 
mature adult fluke under the fishes scale into the'wator, a modified 
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floating breeding trap was used (Bykro 3 in 1 floating breeding trays, 
Tachbrook Tropicals Ltd). The breeding trap consists of a reotangular 
plastic tank with a capacity of 600mms, a lid and a also bottom; V- 
shaped in cross-section, with a slot at the base of the V. This 
insert rests about two-thirds of the way down the tank, dividing it 
into two chambers of unequal size, conneoted by, the slot (fi(;. 4). 
The traps were used as self-contained,, egg collecting tanks. 
To measure the egg output of the parasites on a fish, the latter was 
placed in 500mis of tap water. in the upper portion of the ogg-colleot- 
ing-, tank. The tank was then placed in an incubator at the decirod 
temperature and subjected to a 12 hours light, 12 hours dark cycle for 
24 hours by means of a light inside the incubator connected to a time 
clock. Eggs produced by the parasites passed into the uppor chamber 
of the tank and sank through the slot into the lower one thus prevent- 
ing their ingestion by the fish. At the end of the 24 hour collection 
period the fish was removed. The contents of the tank, that in, 
water, fish faeces and eggs, were tipped into a beaker. About 100nle 
of tap water was then placed in the tank and shaken to dislodge any 
eggs remaining in the tank and this was then added to the bulk in the 
beaker. 
The contents of the beaker were then filtered using a Milli. 
pore XX10-250 filter funnel connoted to a water operated vacuum pump 
and Whatman 2.5 cm GF/A glass fibre filter papers. The beakor wan 
rinsed with a little tap water and this also was passed through the 
filter. The filter paper was then removed and examined ucit a bin-, 
ocular microscope at about x16 magnification. The brown tanned eggs 
were easily seen on the white filter paper and were counted by pulling 
each egg off the filter paper using the microhook (Methods 12). Each 
withdrawal was recorded on a tally counter. Eggs adhering to the 
sides of fish faeces were included in the total. Eggs were occasion- 
ally visible inside the translucent faeces but were not reoordod 
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because they were almost certainly ingested in the infected fish 
holding tanks (Methods 7). As a control an infected fish was kept 
for 14 days in an egg collecting tank and its contents regularly 
sampled using the method described above. Despite careful examinat- 
ion of the faeces they were not found-to contain any eggs. 
The accuracy of the egg collecting technique was dote=inod 
by placing known numbers of eggs in egg traps, leaving the trapp to 
stand with an uninfected fish for 24 hours and then d©terriing the 
number of eggs present using the method described above. 
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FIG. 4. 
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Legend for figure 4 
Apparatus for collecting the eggs of T. patialense. 
a. upper chamber containing infected fish 
b. lower chamber 
c. eggs of T. patialense 
d. slot in false bottom through which eggs fall 
e. infected B. rerio 
m 
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N Initial Number Number Counted 
1 50 48 
2 50 50 
3 50 50 
4 50 48 
5 50 50 




98.57% ± 1.76 (95% confidence limits) of the eggs were recovered. 
14. Scanning electron microscopy 
For the examination of the surface of infeotod and uninfoot- 
ed B. rerio scanning electron microscopical techniques were employed. 
Specimens were fixed in 2.5% caoodylate buffered gluterald- 
ehyde followed by dehydration in acetone. They were then dried in a 
Polaron critical point drier with CO2 as the transitional fluid. 
Specimens were subsequently attached to the stubs with silver DAC 
(silver conducting paint) and sputter coated in an E500 Polaron diode 
sputtering system to an approximate thickness of 40 1 of gold/pallad- 
ium before being examined using a Cambridbe 54-10 scanning electron 
microscope at 20 Kii. 
15. Salt solutions 
The saline solutions used most frequently, Contland Salt 
Solution and Hank's Salt Solution, have both been used in the oultiv" 
ation of freshwater teleost cell lines and their compositions, along 
with that of frog ringer solution, have been described by Wolf (1963). 
k6l- 
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Ingredients Cortland Hank's Frog 
(gms) Salt Solution Salt Solution ringor 
NaCl 7.25 8.00 6.5 
CaC12.2H20 . 23 . 19 . 16 
K Cl . 38 . 40 . 14 
Naf2PO4. H20 . 41 - - 
Na2H P04.21120 - , 045 - 
Na HCO3 1.00 . 35 . 20 
P04 - o6 
rrgC12.6s2o - . 10 
MgSO4.7H20 . 23 . 10 "39 
Sucrose 1.00 1.00 
H2O (mis) 1000 1000 1000 
The Frog ringer solution and Cortland Salt Solution were 
made up from standard reagents. In each case their pH was chocked 
with universal indicator paper and found to be between 7.0 and 7.5. 
The Hank's Salt Solution was obtained in a dried form and made up acc- 
ording to the manufacturer's instructions. 
16. Age dependent survival and fecundit 
Eight uninfected B. rerio in the 28-32 mm length claso wore 
each infected with 14 adult flukes and maintained at 23°C. (M©thods 7). 
The number of flukes present was determined on at least five occaoiona 
in each successive seven day period and counting was continued until 
three consecutive counts indicated that no flukes were pronent. The 
rate of egg production was asoessed at least once in each successive 
seven day period. 
17. The effect of the fluke counting method on age dependent survival 
hh, 
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To see if the fish handling techniques or the anaeathotic, 
MS 222, influenced age dependent survival, six uninfected fish in the 
28-32 mm length class were each infected with 14 flukes (tMethoda 10) 
and maintained at 230C. (Methods 7). The number of flukes present 
was assessed (Methods 11) only once in each successive seven day 
period. 
18. Temperature dependent survival and fecundity 
Groups of eight uninfeoted B. rerio_ in the 28-32 mm length 
class were infected with 14 adult-flukes per host (Methods 10). One 
group was held at each of the following temperatures: - 17°C., 190C., 
21°C., 23°C., 26°C. 9 29°C. 9 32°C., 35°C.. The number of flukes 
present was determined on at least five occasions during each week 
and the egg production assessed at least once in each oucoossive 
seven day period. The results from the age dependent survival and 
fecundity experiment provided the 23°C. data. 
19. Density dependent survival and fecundity 
In all these experiments the temperature aas maintained of 
23°C. All the host used were in the 20-32 mm length class at the 
commencement of the experiment. Counting of the numbers of flukes 
present (Methods 11) was continued until at least two consecutive 
counts indicated that there were no flukes present. 
Infections at parasite densities of 1 fluke par fish (39 
replicates), 2 flukes per fish (11 replicatoa), 30 flukoo per fish 
(8 replicates) were established. At least five times in each suo. 
cessive seven day period the population density was assensed (Methode 
11). At least once in each of these periods the egg production of 
some of the fish at each initial parasite density was assessed 
(Methods 13) (8 fish at a density of one fluke per hoot, 7 at 2 and 
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8 at 30), The results from the age dependent survival and fecundity 
experiment provided the 14 fluke per host data. 
Five B. rerio were placed individually in pots with 105 cer- 
cariae (Methods 10) giving an average infection of 72.4 adult flukos± 
16.47 (95% confidence limits) and the number of flukes wag assessed 
at least five times in each successive seven day period. The egg 
production df the flukes on all these fish was assessed at leant once 
in each successive five day period. 
Six B. rerio were placed in pots with 370 cercariae under 
the conditions described previously giving average infection levels 
of 145.8 adult flukes per host 
± 24.3 (95% confidence limits and the 
number of flukes assessed at least six times in each successive seven 
day period. Egg production was assessed at least once in each suo- 
cessive five day period. 
20, Survival and fecundity in reinfeoted B, rerio 
Within three days of at least two consecutive oounta indio- 
ating that no flukes were present some hosts wore r©infootod with 
T. patialense at the same densities as in their original infeotions. 
All these hosts were in the 28-32 mm size class at the time of re. 
infection. 
Five of the eight hosts from the age dependent imrvival and 
fecundity experiment were reinfeoted with 14 flukes per hoot. The 
maintenance and determination of ourvival was the name an in the 
primary infection. Fecundity was not assessed. 
Five of the six hosts from the group infeoted with an avor- 
age of 145.8 adult flukes per host were placed in pots containing 370 
cercaria producing an average level of infection of 132.4 flukes par 
host ± 13.6 (95% confidence limits). The maintenanoe and dotormina. 
tion of survival and fecundity was the same au in the fishes primary 
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infections. 
21. Survival of flukes transplanted to previouoly uninfeoted fißh 
Seven day old flukes were removed from B. rerio (Methods 12) 
which as been infected by placing them in pots containing 37 o©roariao 
and'kept at 23°C. As each fluke was removed an attempt was made to 
position the fluke under the scale of a previously uninfeotod B. rerio 
using the microhook round which the fluke was wrapped. Both fish ý° 
were anaesthetised with the donor fish lying adjacent to the uninfoot- 
ed fish. If the fluke was not successfully inserted aftor 60 
seconds it was discarded. 
Six hosts were infected with an average of 7.4 flukes ± 4.2 
(95% confidence limits). The number of adult flukes on oaoh host 
was assessed (Methods 11) on at least five occasions in each suocena- 
ive seven day period. The temperature was maintainod at 230C. 
22. The effect of host size on fluke survival at-23 
0 a* 
All the fish in this experimont were maintained at 230C. 
(Methods 7). Four B. rerio in the 8-12 mm length class at the time 
of infection and had been laboratory bred (Methods 8) were infected 
by placing them in pots containing 37 cercariae (Methode 10). The 
number of flukes surviving was assessed daily (Methods 11). When at 
least two consecutive counts failed to find any flukes the fork 
lengths of the fish were again determined (Methods 9). 
The survival of flukes on fish in the 16.1 - 20 mm length 
class (4 fish); the 20.1 - 24.0 mm length class (4 fish); tho 24.1 - 
28.0-mm length class (11 fich) and the 32 mm plus length class (5 
fish) was also assessed. All these fish were obtained from stock 
tanks and were infected with 14 flukes (Methods 10). The number of 
flukes surviving was assessed on at least threo occasions in each 
6_ 
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successive seven day period. When at least two consecutive counts 
failed to detect any flukes the lengths of the fish were again ass. 
essed. The eight fish from the age dependent survival experiment 
formed the 28-32 mm length class. 
23. The effect of cyclic illumination and temperature regimen on 
egg production 
An automatic egg collecting device was employed in thin 
experiment to investigate the effect of cyclic ohangeo of illumination 
and temperature on egg production. 
The apparatus was based on a Shandon-Elliot Histomat (fig. 
5) (Shandon Elliot Ltd). This laboratory carousel is designed for 
automatic slide staining by moving the specimens through a cones of 
pots containing staining and processing solutions. To do this it 
has a hinged arm lying above a circle of 12 containers. Governed by 
a timing device the arm hinges upwards, lifting the spocimon from its 
container and rotating until the specimen is hold over the next con- 
tainer. The specimen is then lowered into the container. The time 
spent in the containers and the duration of the entire cyolo can be 
varied within wide limits. 
For use in assessing egg production a rootangular oar, was 
made from 4 mm polythene mesh with dimensions of 5x4x4 cme and was 
suspended from the moving arm of the Hietomat. The timing system 
was adjusted so that the cage spent two hours in each of twolva 600ml 
crystallising dishes. 
When a fish infected with T. patialenee was placod in the 
cage, eggs produced by the flukes fell through tho plastic mosh into 
a crystallising dish containing 400mis of tap water, in which it was 
suspended. After two hours the apparatus automatically moved the 
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Legend for figure 5 
Modified Shandon Histomat for assessing the egg production's 
of adult T. patialense, 
ä. Moving arm of Histomat 
b. Cage for infected B. rerio suspended from arm 
c. Light source 
d. Perspex heat shield 
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Drocess enabled the egg output during each two hour period to be 
assessed (Methods 13). 
The carousel was placed in a small chamber which was kept 
at 23°C. by a thermostatically controlled fan heater during tho 
course of the experiments, to determine the effects of cyclic changes 
in illumination. 
In the experiment to determine the effect of cyclic changes 
in temperaturej a second thermostatically controlled heater wan not 
at 26°C. and switched on for a 12 hour period in every 24 bourn by 
means of a time clock. The commencement of this period of increased 
temperature was set to coincide with one of the arm movements of the 
Histomat. 
To provide a controlled light environment an eight watt 
fluorescent light (Minipack eight watt fluorescent fitting, Thorn 
Electrical Ltd) was fitted to the circular top of the Iliatomat. As 
this circular top rotates with the arm the light remained in a con- 
stant position in relation to the experimental cage. A porapex heat 
shield was placed between the fluorescent tube and the experimental 
cage to reduce heating effects of the light to a minimum. 
A control expariment was carried out to investigate this 
heating effect. With the arm hold in a constant position the temp- 
eratures of all 12 dishes were measured after six hours of darknosa, 
and again, after four-hours illumination. 
The fluorescent tube was connected to a time clock (paragon 
Time Control, Gallenkamp Ltd). In the cyclic temperature experiment 
illumination was held constant. In the experiments to investigate 
the effect of cyclical illumination changes, the light was switched 
off for a 12 hour period in every 24 hours using the time clock. he 
changes in illumination were set to coincide with the change between 
two dishes.. As a control these experiments were repeated in oondi- 
hh, 
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tions of constant illumination. 
The pots were : replaced once every 24 hours by fresh ones. 
This change always took place during periods of illumination and at 
the end of the Histomat's cycle, which was at 12.00 hours. After 
replacing the pots with fresh ones a new 24 hour cycle was oo=onoed. 
The experimental fish was infected (Methods 10) immodiatoly 
prior to the commencement of each experiment and as soon as the adult 
parasite population had been counted (Methods 11) it was placed in 
the experimental cage. The experimental fish were not fed during 
the experiment. At the termination ' the number of flukes was 
again assessed. 
24. Growth of the adult pares site 
24 a. The effect of density on growth 
The growth in width of adult paranites van inv©etigated at 
three densities. Twenty four B. rerio were infected with 14 flukes 
each, 16 with 30 flukes and four using 370 oercariae reculting in an 
average infection of 124 flukes (Methods 10) and maintained at 23°C. 
under standard conditions (Methods 7). 
The flukes from six fish infeotod with 14 flukoa, and four 
infected with 30 flukes, were removed (Methods 12) every coven daya 
for four weeks. The flukes from two of the heavily infected Eich 
were removed after seven days and from the remaining fish after 14 
days. 
On removal the flukes were fixed in 1C%w/v formulin solution 
and placed on microscope slides in groups of five or six. Covoralipa 
were placed on the slides and excess liquid drawn out from under the 
coveralip by gently placing a tissue against each aide of the cover- 
slip in turn. The width of the parasites at the widoot point was 
then measured at x100 magnification using a calibrated microscope 
eyepiece micrometer. One hundred and fifty oercariae were obtained 
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from infected snails (Methods 4). Approximately two thirda of the 
cercariae were fixed in 10% formalin. The widths of these, and the 
remaining, live cercariae were measured in the manner described above. 
Any cercariae which were folded and not flattened were ignored, giving 
90 measurements of fixed, and 23 of unfixed, cercariae. 
A control experiment was performed to determine the accuracy 
of the measuring techniques described above. 
24b. Determination of the accuracy of the moatauring techniquon 
Two B. rerio were infected with 100 cercari e giving infoot- 
ions of 39 and 46 adult flukes. After seven days 36 flukes wore re- 
moved from each fish. Flukes were placed nix to a alido and thoir 
widths determined in the manner described above. For the flukes from 
each fish an analysis of variance was carried out to determine whether 
there was a significant difference between the widths of the flukes 
from different slides. 
24c. The development of the vitelline glands 
A diazo technique (Johii & Smyth, 1955) wao utiliood to 
localize phenolic substances present in the vitelline glands of T, pat- 
ialense. The stain used, Past Scarlet Salt CG (Solmodia Ltd),. had 
been previously shown to react readily with such substances in T" t- 
ialense (Miss N. A. Moloney, personal communication). 
The staining technique used was a modified version of that 
used by Johri & Smyth (1955)" 
a) Specimens fixed in 70% alcohol for 15 minutoo 
b) Transferred to water after 10 minutes 
c) Transferred to a 1% solution of Fact Scarlet Salt CG in 
distilled water 
The stain was freshly prepared and filtorod beforo use. The 
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specimens, -were stained for exactly two minutes, 
d) Washed in tap water for five minutes 
a) Dehydrated, cleared and mounted. For ease of handling the 
specimens were contained in specially designed staining 
chambers for steps a-d. These were based on cylindrical E. M. 
casts (L. K. B. 4885-01) (see fig. Gc). The bottoms of the 
casts were sliced off and holes bored in the lids with a cork 
borer. Spare bored lids were used to fit over the other end 
of the casts. The functions of the lids wan to hold 2 cm2 
pieces of polythene mesh (3.3 meshes /mm) over the ends of the 
staining chambers thus enabling liquids to pans freely in and 
out of the staining chambers. Attached to one of the lids 
were 15 cm lengths of stainless steel wire enabling manual 
agitation of the chambers during the staining process. Ton 
to twently flukes were placed in each chamber. 
Fourteen B, rerio were infected with 14 adult flukes removed 
from each of two of the infected B. rer_ It 2,4,7,10,15 and 20 
days post infection. The timing of the infections was staggered no 
that all the flukes could be removed and stained on the same oooasion. 
The intention had been to use a Viokora M3G Scanning Moro- 
densitometer to quantitatively determine the amount of stain in nach 
fluke and hence estimate the phenolics in the vitelline system. It 
was found impossible to obtain repeatable results using this technique. 
Instead the stained flukes were photographed using 35 mm black and 
white film and A4 size prints made, taking cars to keep a constant 
negative-to-print magnification. The images of the flukes were thou 
cut out and the weight of the fluke-sized piece of print determined. 
The black stained areas of the flukes on the prints were then out out 
as accurately as possible using dissecting scissors and weighed. The 





Legend for figure 6 
A. Measurement of fish length. The distance between the two arrows- 
was recorded. 
B. Hook for removing adult T. patialense from under the scales of ,; -. 
the fish host. 
0. Exploded view of staining chamber for adult T. patialense. 
a. Stainless steel handle 
b. Flings cut from the lids of E. M. casts 
c. Nylon mesh 










effort to reduce bias. 
Calibration was achieved by photographing a measuring 
slide at the same magnification as the flukes enabling a relation- 
ship between weight of photographic paper and area to be found. The 
thickness and density of the photographic paper was assumed to be 
constant. 
25. Assessment of-reproductive abnormalities in adult flukes 
The flukes on five of the fish in the 14 fluke per host age 
dependent survival--experiment (Methods 16), were observed for signs 
of two types of reproductive abnormality each time that the number of 
flukes was determined (Methods 11). These were the presence of an 
amorphous mass of tanned vitelline material collected in the ootype 
and/or the presence of one or more tanned eggs in the uterus. 
Also, when tanned eggs were observed in the uterus of a 
fluke in the one fluke per host, density-dependent egg production and 
survival experiments (Methods 19), additional experiments to deter- 
mine egg production using this host and parasite, were performed. 
26. Survival of adult flukes in vitro; non-sterile conditions 
5 ml"crystallising dishes were filled with ..., 4 mis of 
water or saline. The temperature of the dishes was adjusted to 23°C 
in a cooled incubator. Between five and thirty adult T. patialense 
removed from their fish-hosts (Methods 10,12) were placed in each 
dish and then incubated at 230 C under conditions of constant illum- 
ination. The dishes were covered. in Parafilm (Gallenkamp Ltd) to 
prevent evaporation. The water, -or saline, was changed once during 
each successive 24 hour period. Periodically the basins were check- 
ed using a binocular microscope at approximately x12 magnification. 
Any dead flukes were removed from the dish using a Pasteur pipette. 
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Death was defined as a state in which three contacts with a microhook 
(Methods 12) failed to elicit any visible response by the fluke. 
26a. Survival of adults under five minutes old 
B. rerio were infected by placing them in dishes containing 
cercariae (Methods 10) for two minutes. The fish were immediately 
anaesthetised (Methods 11) and young adult T. patialense removed 
(Methods 12) for the next three minutes. The flukes were transfer- 
red (Methods 12) to . -5 ml crystallising dishes. Five dishes con- 
tained tap water and five, full strength, Cortland Saline. 
26b. Survival of three day old adult T. patialense 
Three day old adult flukes were placed in .: 'i. ,5 ail, cryst- 
allising dishes. Five contained full strength Cortland Saline. 
Single dishes contained tap water; tap water containing 1: 10,000 w/v 
IIS222 solution; full strength Frog ringer and full strength Cortland 
Saline made up with tap, rather than distilled, water. 
26c. Survival of eleven date old adult T. patialense 
Eleven day old flukes were placed in 5ml dishes. Five m- 
contained tap water and five contained 10% and 50% strength Cortland 
Saline. 
27, Ekg production by adult flukes in vitro using non-sterile 
conditions 
5ml crystallising dishes were each filled with 4mis of full 
strength Cortland Saline. Fourteen day old adult flukes were 
removed from infected B, rerio (Methods 12) and 20 were placed in each 
dish. Before the removal of the flukes the fish had been maintained 
in natural lighting oonditions. at 23 ©C. The flukes were removed 
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midway through the light period (Methods 12). 
The dishes were incubated at 230C in cooled incubators. 
Five dishes were incubated in continuous light and five in continuous 
darkness. After six hours the pots were removed from the incubators 
and the number of eggs was counted by direct observation using a bin- 
ocular microscope at x16 magnification. The number of flukes con- 
taining tanned eggs in the uterus and the number of dead flukes was 
also counted. 
Another six pots were incubated in constant light and the 
number of eggs produced was counted'every hour. 
28. The decaudation of cercariae and their survival in vitro in non- 
sterile cönditions 
A simplified version of the method previously described 
(Howells et al, 1974) for the decaudation of schistosome cercariae 
was employed to decaudate cercariae of T. patialense. Freshly shed 
cercariae were placed in 30mis of either, tap water, or, Cortland 
Saline, in a 50ml crystallising dish and cooled to 3-40C. The 
dishes were then covered in Parafilm and shaken hard for 20-30 
seconds. This procedure was found to remove 100% of the tails from 
the cercariae. 
The decaudated cercariae were immediately placed in 5ml ", 
dishes. Five dishes contained tap water and five contained full- 
strength Cortland Saline, 
29, Survival of adult flukes in vitro in sterile conditions 
To culture adult T. patialense a batch of 10-50 adult flukes 
were 'removed from infected B. rerio (Methods 12) and placed in a 30ml 
sterile polystyrene vial. The vial contained approximately 15mis of 
Hank's solution (Difco Ltd) containing Phenol iced indicator and 
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adjusted to neutral pH using CO2 if necessary. The Hanks solution 
contained 100 units/ml of penicillin-streptomycin mixture (penicill-- 
, 5000': T: ß'. lm1. Flow Laboratories Ltd) and was ster- in-streptomycin 
ilised by passing it through a Mille= disposable filter unit (Nillex 
0.22 um Disposable Filter Unit, Gallenkamp Ltd) using a sterile 20m1 
syringe. All sterile manipulations were performed in a laminar 
flow hood (Slee Medical Ltd). 
The vial containing the adult flukes was rotated for ten 
minutes on a blood cell suspension mixer (Gallenkamp). About 95%6 
of the Hank's solution was then drawn off using a sterile pipette 1, 
and replaced with fresh solution. The vial was then rotated again. 
The bulk of the Hank's solution was then again withdrawn aseptically 
and -the remainder, containing 'the adult flukes, was transferred to a 
sterile Leighton tube (Gallenkamp Ltd) containing 5mis of sterile 
Hank's solution. 
Three Leighton tubes each containing between 18 and 27 
three day old adult flukes and four tubes containing between 21 and 
26 eleven day old flukes were set up in the manner described above, 
The tubes were incubated at 2300 under conditions of constant illum- 
ination. Each tube was examined at least three times in each succ- 
essive 24 hour period using a binocular microscope at x20 magnifica- 
tion and the number of flukes showing any movement was determined. 
30. Survival of ceroariae in water and saline 
The methods used to determine cercarial survival were sim- 
ilar to those described by Anderson et al (1977). For each experi- 
ment, between five and ten 35ml evaporating basins were each filled 
with 24mis of tap water or Cortland saline (Methods 15). The temp- 




Approximately ten cercariae released from M. tuberculata in 
the previous 15 mutes were added to each basin. The basins were 
covered with a sheet of perspex to reduce evaporation and incubated 
at 23°C in a cooled incubator in conditions of constant illumination. 
Periodically the basins were checked using a binocular microscope at 
approximately x12 magnification. Any dead cercariae were removed 
from the dish using a Pasteur pipette. Death was defined as being 
a state in which three contacts with a microhook (Methods 12) failed 
to elicit any movement in the cercariae. Any cercariae which shed 
their tails were considered to be dead as they had effectively left 
the cercarial population and become adults. 
31. Infection of B. rerio in tap water and Cortland Salt Solution 
Fourteen uninfected B. rerio in the 28-32 mm size class 
were infected by placing them in dishes containing ten cercariae in 
the conditions described previously (Methods 10). Another 14 
B. rerio were infected in the same way except that the tap water was 
replaced by Cortland Salt Solution diluted to 50% of the strength 
described in Methods, 15P with distilled water. 
After two hours all the fish were placed in fresh tap 





Age Dependent Survival and Fecundity 
This, and succeeding chapters (4,5,6,7,10), describe some 
aspects of the survival characteristics of adult T. patialense. Simple 
deterministic and stochastic time-dependent models are extensively 
utilised in the presentation of these results. 
Such an approach helps in the analysis of the; survival data 
and also provides a unified conceptual framework for considering the 
survival charaoteristics of T. patialense under different experimental 
regimes. 
In the parasitological literature, when fecundity is being 
investigated, total egg production of all the parasites per host is 
often considered. This measure of egg production has two components, 
egg production per parasite, and, the number of parasites per organ- 
ism. Here, and in the following chapters, egg production is gener- 





The adult fluke has a life span of about ten weeks on the 
surface of B. rerio in the 28 to 32 mm size class at 230C. The observ- 
ed survival characteristics of parasite populations on fish hosts 
with an initial parasite density of 14 flukes per host are illust- 
rated in fig. 7. The points on the graph represent the mean number 
of parasites surviving at weekly intervals estimated from eight 
different hosts. From fig, 7 it appears that survival is likely to 
be age dependent. Age dependency in the survival of a organism 
occurs when the death rate per unit of time per organism is some 
function of the age of the organism. 
The models used to analyse the survival data have been des- 
cribed by Anderson and Whitfield (1975) and Anderson, Whitfield and 
Mills (1977). Assuming that the death rate, /, is approximately 
constant within a small time interval, where small means some minute 
fraction of maximum survival, the age-dependent rate of instantaneous 
mortality ( (t)) an be estimated using the expression 
IV" 
/i (t) = In Nt - In Nt +1 
(1) 
derived from a deterministic model of an experimental death process 
(Anderson and Whitfield, 1975). From fig. 8 it can be seen that this 
death rate is age, and hence, time dependent. The instantaneous 
death rate per adult parasite per week, versus age, illustrates the 
functional form of this process (fig. 8). The relationship between 
death rate and time can be described empirically by the following 
exponential model, 
/p 
(t) =a exp (bt). (2) 
where p= death rate 
t= time 
a, b are constants estimated using a least squares regres- 






The mean proportion of flukes surviving at a series of con- 
secutive points in time at 23°C9 and with an initial density of 14 
flukes per host. 
1. The solid circles represent the observed proportions surviving 
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Fig. 8 
The, instantaneous death rate per week of flukes against 
time at 23°C and with an initial density of 14 flukes per host. 
1. The solid circles represent the observed age dependent death rate 
2. The solid line shows the fit of the empirical model to the observ- 
ed points. 
/j-(t) =a exp (bt) 
a= . 02803 
b= . 51291 




The solution to this time-dependent process is given in Anderson and 
Whitfield (1975). 
Nt = N0 exp 
j 
-10 (v) dv] (3) 
which leads to 
Nt =N0 exp 
j1- 
-S exp (bt)] (4) 
The natural logarithms of the instantaneous death rates were desig- 
nated as the dependent variable and the age of the organism, the 
independent variable, in the above linear regression analysis. 
The analogous stochastic model of this, a similar process 
to that of the cercariae of T. patialense, has been described by 
Anderson and Whitfield (1975), 
n(t) =(No) exp 




Such a model takes into account the chance events involved in time of 
death of each adult fluke. It predicts a positive binomial dis- 
tribution for the probability P (t) of observing N adults at time t. 
The mean and variance of this distribution are given in 
Anderson and Whitfield (1975) and are 
Mean (Nt) = N0 exp 
[ 
-jo/4(v) dv] (6) 
which leads to 
Mean (Nt) = No exp L 
ig 
-E exp (bt)] (7) 
and 




p.. (v)d. vj (8) 
which leads to 
Var==NcC exp (a _V exp (bt)][1- 
fexp 
-a exp(bt))] (9) 
The observed means of the number of parasites surviving at 
various points in time show good agreement with the predictions of 
the stochastic model (fig. 9). The observed variances, however, are 
larger, on average, than those predicted by the model (equation 9} 
(fig 16D) for survival at 23°C. The same is true, on average, for 
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Fig. 9 
The mean proportion of flukes surviving at a series of con- 
secutive points in time at 23°C and with an initial density of 14 
parasites per host. } 
1. The dashed line is the survival curve predicted by the survival 
model (equation 4) 
2. The solid circles represent the observed proportions surviving 
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there must be an additional source of variability not accounted for 
in the model:. 
One possibility is that the conditions within the micro- 
environment under the hosts scales may vary from fish to fish. Due., 
to this heterogeneity the death rate itself (14) would be different on 
each fish. Thus, if it were possible to incorporate as a random 
variable into the survival model, it might give a more realistic fit 
to the data. 
Anderson and Michel (In Press) cite variability in the size 
of the initial innoculum of parasites administered as a cause of extra 
variability in similar models. The high degree of accuracy possible 





Egg production commences between days two and four (48-96 
hours) post infection on B. rerio in the 28-32 mm length class at 
23°C when each host carries an initial density of 14 flukes. The 
rate of egg production per fluke per hour on each host was determined 
by dividing the number of eggs produced by the average of the number 
of flukes on each host at the commencement and the termination of the 
collection period. No apparent consistent differences were observed 
in the rate of egg production per fluke between the parasite populat- 
ions on different hosts in the experiment. 
The rate of egg production per surviving fluke rises steep- 
ly for about two and a half weeks post infection. This is followed 
by a relatively gentle decline in the rate to about 8-5 weeks post 






c) The effect of the fluke counting method on survival 
Six hosts infected with 14 flukes each were examined only 
once, instead of at least five times, in each successive seven day 
period. The purpose of this control experiment was to discover 
whether the fish handling techniques, or exposure to the anaesthetic 
MS222, had any effect on age dependent survival. 
From fig. 11 it appears that the proportions of flukes 
surviving at successive points in time in this control experiment, 
are similar to those from the original age dependent survival experi- 
ment. From the survival data for the control experiment (table IA) 
the instantaneous death rates for the flukes were determined at a 
series of consecutive points in time (table 1B). Natural logarith- 
mic transformations of this data were then compared with those for 
the original age dependent data (table 28) to see if the linear reg- 
ressions for the sets of data were significantly different using the 
method described in chapter 6. The transformed data points and the 
regression lines for the original and control experiments are shown 
in fig. 12. 
There was found to be no significant difference between 
either the slopes (P >. 05) or intercepts (P >. 10) of the regressions. 
Thus, if the fish handling techniques, or the use of MS222, have 
deleterious effects on the survival of T. patialense, those effects 
are not quantitatively different for frequencies of fluke counting 
between one and five times a week. 
Using the coefficients a(intercept) and b(slope) from the 
linear regression fitted to the data from the control experiment, the 
instantaneous death rate predicted by the exponential model (equation 
2) was determined at a series of consecutive points in time. It can 
be seen from table 1B that these predicted values are in good agree- 




The proportion of flukes surviving at a series of consecut- 
ive points in time. The proportion was assessed either at least 
five times (open circles, dashed line), or once (solid circles, 
solid line) in each successive seven day period. 
The vertical bars denote the 95% confidence limits for the _ 
control experiment (solid circles, solid lines). For confidence 
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Natural logarithmic transformations of the instantaneous 
death rates of flukes at a series of consecutive points in time. The 
open circles show the observed results for flukes where survival data 
was assessed at least five times a week and the dashed line a regres- 
ion fitted to this data with the coefficients 
a (intercept) _ -3.5744 
b (slope) _ . 5108 
The solid circles show the observed results for flukes where survival 
data was assessed once a week and the solid line a regression fitted 
to this data with the coefficients 
a (intercept) = -3.2189 
b (slope) = . 4066 
101 
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Temperature Dependent Survival and Fecundity 
In attempting to gain insights into the population dyn- 
amics of T. patialense, the influence of temperature on the adult 
parasite on its poikilothermic host, must be investigated in a quant- 
itative manner. Temperature can affect the ultimate egg production, 
and, hence, the transmission rate to the intermediate host, in two 
ways. Firstly, it may affect the life-span of the parasite and 
hence, the period available for egg production, and secondly, it may 
influence the actual rate of egg production. Attempts have been 
made to quantify the separate and combined effects of these two temp- 
erature dependent processes on adult T. patialense. 
a) Survival 
The series of experiments using hosts in the 28-32 mm size 
class, with an initial parasite density of 14 flukes per hoot, show 
that survival is characterised by temperature dependency. Tempera- 
ture dependence is defined here as being a relationship where the 
mortality rate per individual parasite per unit time is some function 
of temperature (fig. 13, table 5). 
23°C is the optimum temperature for survival; mortality 
increasing progressively at both higher, and lower, tomperatures. 
This survival data is shown in comparative form in fig. 14. 
The mean instantaneous death rates at each temperature were 
determined as described in chapter 3, and the empirical model describ- 
ed in chapter 3 was used to describe the relationship between death 
rate and parasite age. The coefficients from the model are listed 
in table 3. The fit of the model to the observed data is extremely 
good except at 17°C, the lowest temperature, where P>. 02 and at 35°C. 
the highest temperature where there were insufficient data points to 





The mean proportion or flukes surviving at a series of cons- 
ecutive points-in time after infection at an initial density of 14 
flukes per host. 
1. The solid lines are the survival curves predicted by the sur- 
vival model (equation 4) 
2. The solid circles represent the observed proportions surviving 
3. Where present the horizontal lines denote the extent of the 
















































































The proportion of parasites surviving at the midpoints of 
successive` weeks post infection shown for eight different temperatures. 
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The instantaneous death rates of flukes against time at 
initial densities of 14 flukes per host. 
1. The solid circles represent the observed instantaneous 
death rate. 
2. The solid line shows the fit of the empirical model (equation 
2) to the observed points. 
0 A. 17 C 
° B. C 19 
C. 21°c 
D. 23°c 
° E. 26 C 
Pi 29°C 
° G. C 32 
° H. 35c 
For the values of the constants for the model and the goodness-of-fit 





















































the rate of instantaneous mortality rises most slowly with time at 
23°C and progressively faster at both higher and lower temperatures 
(fig. 16). 
It is also clear from table 3 that the coefficients a 
(intercept) and b (slope) from the empirical model have their lowest 
values at 23°C and become progressively larger at both higher and 
lower temperatures. An attempt has boon made to fit a model to these 
coefficients to provide a descriptive function which enables predict- 
ions to be made in two dimensions by the use of a single function. 
In the basic survival model 
d- -p(t) Nt (1o) 
(Anderson and Whitfield, 1975) 
and its solution 
a exp 
bt (2) 
such a single function could be clotted into the modola giving 
d Nt -/. x(tpT) lit (11) 
dt 
and its solution 
., 
4(t) aa (T) exp 
b(T)t (12) 
where t is time 
T is temperature 
A second order polynomial model was fitted to each cot of cooffioionte. 
Thin model in purely empirical in nature having no underlying biolog- 
ical relevence. It was used because of the diversity of curves that 
polynomials can produce. Tho model was of the form 
c (T) a oc+/3 T +? j'p2 (13) 
where o is the dependent variable 
T is the independent variable 
ß, I3, are empirically determinod coeffioientc. 








































































Coefficient A (a) from the empirical model for mortality 
(equation'2)'for a range of temperatures. 
1. --The solid circles are the observed values 
2. The solid line shows the fit of an empirical second order 
polynomial model (equation 13) 
Fig. 18 
Coefficient B (b) from the empirical model for mortality 
for a range of temperatures against temperature. 
1. The solid circles are the observed values 
2. The solid line shows the fit of an empirical second order 
















17 19 21 23 26 29 32 35 
17 -19 21 23 26 27 32 35 
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together with the observed data for coefficients a and b, from the 
survival model. The values of the polynomial coefficients, and the 
significance of their fit, to the observed data are given in table 14. 
It is obvious from fig. 17 and table 4, that although the fit of the 
curve to the intercepts is significant, (P>0.5) it is not a particul- 
arly satisfactory model, due, in part, to the massive increase in the 
intercept at 350C. The significance of this interesting discontin- 
uity will be discussed later. The fit of the model to the slopes is 
highly significant (P.. 01), and provides good estimates of the values 
obtained using the survival model (fig. 18, tablo 4). 
The proportion of flukes surviving at each temperaaturo, at 
a series of consecutive points in time, predicted by the model des- 
cribed in chapter 3(Anderson and Whitfield, 1975), are in close 
agreement with the observed results (fig. 13, table 5). Meaningful 
estimates of survival substituting the coefficients predicted by the 
polynomial model into the survival model were not feasible however. 
This was due to the poor fit of the polynomial model to the inter-"., 
cepts from the survival model giving, in three cases, negative 
values. 
The observed variances are, on average, considerably great- 
er than those predicted by the stochastic model for estimating 
variance described in chapter 3 (Anderson and Whitfield, 1975). 
b) Fecundity 
From the rates of egg production per surviving fluke, is is 
obvious that egg production is highly temperature dependent (F'igo. 19, 
20, table 11). No egg production was observed at the extreme ende ý', 
of the temperature range used. (17-35°c). 
From 19-29°C egg produotion per surviving fluke rose prog- 





Egg production per surviving fluke per hour, against 
temperature, with an initial parasite density of 14 flukes per host. 
° A. C 19 
° B. C 21 
C. 23°c 
° D. 26 C 
° E. 29 C 
° F. C 32 



































































Egg poduction per surviving parasite per hour, at the mid- 
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rate of egg production starts to rise faster than at 29°C, the peak 
output achieved is considerably lower. From 19-23°C the span of egg 
production increased, due to the increasing life-span of the flukes 
up to 23°C. Above 23°C the temporal span of egg production contract- 
ed, due to the descreasing maximum life-span of the flukes, At 19 
and 21°C there is a relatively long period over which the maximum 
rate of egg output at each temperature is maintained. From 23-32°C 
the peak rate is maintained for a progressively shorter period, which 
is followed by a steady decline in the average-rate of egg production 
per individual surviving fluke. The rate of decline from peak egg 
production becomes increasingly steep above 23°C. 
An empirical second order polynomial model of the form 
e(t)roc+ßt+'t2 (14) 
where e is the dependent variable (egg produotion) 
t is the independent variable (temperature) 
oc #A 9 LY are empirically determined conetunta 
was fitted to the observed data for the rate of egg production per 
surviving fluke at each temperature (fig. 21). Once again this 
model was used for its generality, there boing no particular justif- 
ication for it in biological terms. The model fitted,. well to tho 
observed data between 21 and 320C and slightly less well at 19°C. 
The values of the polynomial coefficients and the significance of the 
fits of the polynomial curves are given in table 6. 
The mean egg production per surviving fluke, at the mid- 
points of successive weeks at each temperature, was determined from 
the graphs in fig. 17 (table 9). By multiplying this egg produotion 
per surviving fluke, at the midpoints of successive weeks by the 
observed proportion of flukes surviving at the midpoints of success- 
ive weeks (table 5)0 a rate of egg production equal to the total out- 
put per host in successive weeks divided by the initial number of 
129 
FIG. 21. 
.-- . -- t 
Fig. 21 
Egg production per surviving fluke per hour against time. ' 
1. The solid circles represent the observed rate of egg product- 
ion at a series of consecutive points in time 
2. The solid line is the rate predicted by an empirical second 







For the values of the coefficients for the model and the 





































This rate will be termed egg production per average fluke. 
In this context average refers to the. average fluke in the initial 
population, as distinct from the average surviving fluke. 
Whilst this approach might seem complex in the context of 
this chapter, where the initial fluke density is the sarge on each 
host, it provides an essential basis for comparison in chapter 5, 
where initial parasite density varies. Egg output per average fluke 
is shown in fig. 22, (table 8). 
The interaction between the decrease in survival of flukes 
and the shorter period of egg production on either aide of 23°C 
results in large drops in total egg produotion per average fluke 
above and below 23°C. Cumulative egg production per average fluke 
during the course of infection ia shown in fig. 23 (tablo'9). 
The product of egg production per average fluke, and the 
initial numbers of parasites, gives the total avorage egg produotion 
per host during the course of infection. 
i. e. Xw=E (15 ) 
2 
i(T) Loi 
(T) "" eT (16 ) 
i=1 
where 
= egg production per average fluke per week 
co = the initial number of parasites per hoot 
Ea averago egg production per hoot per week 
total egg production per hoot during the course of infection 
N the number of weeks the infection laste 
Tn temperature 
As in all the experiments in this chapter the initial. 





Egg output per average fluke, per week, at different temp- 
eratures. ' -' 
. A. 19°c 
° B. 21 c 
° C. 23 C 
° D. 26 C 
° E. 29 C 
° F. 32 C 
Egg output per average fluke is the product of the mean egg'- 
production per'surviving fluke, and the proportion of flukes surviv- 























































































i1 i(T) 141 eT 
(18) 
Obviously, in real terms, the processes of survival and egg 
production discussed here are continuous. The discreet approach 
adopted here is made necessary by the fare greater oomplexity involvs- 
ed in dealing with such continuous processes. 
As mentioned previously, egg production reflects the inter- 
play of two dynamic processes, survival and egg production per cur- 
viving parasite per unit of time, which together give , the egg pro- 
duction per averago fluke per unit of time. Fig. 23 shows the 
cumulative egg output of the average fluke during the course of 
infection at each temperature. The cumulative total egg production 
per average fluke is shown in fig. 24 (table 12) and the cumulative 
total per host (equation 18), at each temperature is displayed in 
table 13. Fig. 24 shows a steep rice in egg output per infection 
from zero, at 17°C, to 871 egge at 23°C, followed by a rather more 
gentle drop to zero at 35°C. The form of fig. 24 io a result of the 
complex interplay between survival and the egg production rate of 
each surviving fluke. Whilst both are temperature dependent they 
are functionally related to temperature in different ways, giving 
this complex resultant pattern. For example, the tendency of the 
rate of egg production per surviving fluke to rise faster with in- 
creasing temperature, is offset by a reduction in survival above 
23°C. Fig. 22 and table 8 show that egg output per average surviv- 
ing sluke at 23°C is, however, outstripped during the first week post 
infection at 26,29 and 32°C, and for the second week, also at 26 and 
29°C. Fig. 23 and table 9 show that the cumulative total for egg 
output per average fluke per week remains higher than that at 23°C, 





Total cumulative meääi: egg production by all the parasites 
per host, during the course of infection, against temperature. 
0 
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The slopes (B) and intercepts (A) of empirical models 
(equation 2) fitted to the instantaneous mortality rates of 
flukes at eight different temperatures with the values predý-.: 
icted by second order polynomial fits to each set of data. 
The polynomial coefficients and the significance of 
the fit of the polynomial curve to the coefficients from the 
empirical model for instantaneous mortality (equation 2) are 
also given. 
Temperature Coefficient A Coefficient B 
empirical polynomial empirical polynomial 
model value model value 
17 . 1009 . 2214 . 8639 . 8750 
19 . 0736 . 0555 . 7571 . 7104 
21 . 0313 -. 0483 . 5894 . 5997 
23 . 0280 -. 0899 . 5129 . 5430 
26 . 0476 -. 0356 . 5598 . 5596 
29 . 1188 . 1586 . 5904 . 6963 
32 . 1061 . 4928 1.1509 . 9550 
35 1.2150 . 9669 1.2490 1.3349 
w ä a< (inte rcept) 4.14329 4.45099 
o x. 36287 -. 32493 
. 00777 . 00674 
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CHAPTER 5 
Density Dependent Survival and Fecundity 
The experiments described in this section deal with the 
influence of population density, on the two population processes, 
survival and fecundity.., , 
Solomon (1949), in a review of "the natural 
control of, animal populations", defines density-dependent action as 
"that which intensifies (per individual). as population increases and 
relaxes as density falls". This results, in density dependence 
being the principal agent of, control for animal numbers, although it 
is added that a few processes are inversely related to density. 
A conaiderable, difficulty in the study of effects of deno- 
ity dependence on population processes, such as survival and fecund- 
ity, is that these processes are concomitantly age dependent. It 
is often hard to distinguish the relative effects of these two fact- 
ors in free living orgganisms, but the difficulty is particularly 
intense for many parasitic organisms. This is partly because the 
regular assessment of population numbers and fecundity often presents 
severe technical difficulties. 
The approach adopted here has been to fit a aeries of our' 
vival curves to the results, of a aeries of experiments using differ- 
ent initial parasite densities. This approach is a compromise 
which assumes that the density dependent effects are a function of 
the initial inoculum of parasites per host. Anderson and Michel 
(In press). have found that the survival of Ostertagia oatertagi is 
dependent on the size of the initial inoculum of nematodes, rather 
than on the size of the parasite population at any given time. 
154 
a) Survival 
The series of experiments using hosts in the 28-32 mm size 
class at 23°C with a varying initial, parasite density, shows that 
survival is density dependent. The survival curves for initial 
parasite densities of 1,2 and 14 flukes per host, are extremely 
similar (fig. 25 A-C, table 23). At 30 flukes per host the proport- 
ion surviving is a little lower than at lower densities, particular- 
ly after 3.5,4.5-and 5.5"weeks (fig. 25D, table 23). At an aver- 
age initial density of 72.4 per host there is a much more distinct 
difference over the first 8.5 weeks post infection (fig. 25E, table 
23) though the maximum lifespans of the parasites are similar. At 
an average initial density of 145.8 parasites per host, the proport- 
ion of parasites surviving at the midpoints of successive weeks falls 
considerably faster than at 72.4 and the maximum life span is also 
reduced (fig. 25F, table 23). 
comparative form in fig, 26. 
The survival ourves are shown in 
The mean instantaneous death rate at each density was_det- 
ermined using the methods described in chapter 3 (equation 1). The 
empirical model used in that chapter was used to describe the rel- 
ationship between death rate and time at each density (fig. 27 A-F). 
The coefficients from the model are listed in table 14 togothor with 
the correlation coefficients for the fit of the predicted curve to 
the observed instantaneous death rates. For densities between 1 
and 12.4 flukes per host P <. 001 but at 145.8 flukes per host 
P <. 1 > . 05. 
In the first six weeks post infection the observed instant- 
aneous death rate at 72.4 flukes per host is slightly higher each 
week than at any of the lower densities. At all these densities 
there is a fairly steady increase in instantaneous mortality each 










The mean proportion of flukes surviving at a series of 
consecutive points in time at 23 C. ° 
1. The solid lines are the survival curves predicted by the sur- 
vival model (equation 4)- 
2. The solid circles represent the observed proportions surviv- 
ing. 
3. Where present the short horizontal lines denote the extent of 
the 95% confidence limits to the observed proportions surviv-= 
ing" 
A. Initial parasite density t^per host 
B. Initial parasite density 2 per host 
C. Initial parasite density 14 per host 
D. Initial parasite density 30 per host 
E. Initial parasite density 72 per host 










































































The proportions of parasites surviving at the midpoints of 
successive weeks post infection shown for five different initial. dens 
ities of parasite per host. 
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The instantaneous death rates of flukes against time at 23oC 
with a varying initial parasite density per host. 
1. The solid circles represent the observed instantaneous death 
rate (equation 1). 
2. The solid line shows the fit of an empirical model (equation 
2) to the observed points. 





E. 72.4 (average) 
F. 145.8 (average) 
For the values of the coefficients for equation 2 and the 











































however, the instantaneous death rate is much higher than at 72.4 
flukes per host in the first week post infection followed by a huge 
increase in the second week. After this the death rate remains con- 
stant or shows a slight downwards trend until week seven and eight 
when once more it increases. 
An empirical exponential model of the form 
A (t)=o<exp(flt') (19) 
was fitted to the doefficient a(A) and of the form 
B(t) =o exp (fit) (20) 
to coefficient b(B) from the exponential model fitted to the instant- 
aneous death rates for each density class. To increase the number 
of coefficients for high densities those calculated from the rein- 
feotion experiment using hosts originally from the 145.8 density 
class were used. These reinfected fish formed the 132.9 flukes per 
host class. This was considered reasonable as there was no evidence 
that prior infection influenced subsequent infections in any manner 
whatsoever (chapter 6). 
The coefficients derived from the instantaneous mortalities 
directly using the exponential model and the curves predicted by the 
second exponential models (equations 19,20) are shown in figs. 28 
and 29. In each case the significance of the fit was good (P< . 005). 
Therefore with increasing initial host density the intercept for the 
exponential empirical model used to describe the change in the inst- 
antaneous mortality rate increases in an exponential manner. The 
slope however (fig. 29) shown a tendency to decrease in an exponen- 
tial manner with time. If these trends were to continue at dens- 
ities higher than those used in these experiments the continuod inc- 
reale in the intercept would indicate a situation where a larger and 
larger proportion of the flukes would the almost immediately follow- 





ýý`ý^'ý`s= ýý ý_ 






Coefficient A (intercept) from the empirical model for 
mortality (equation 2) for each parasite density against the initia3 
parasite density. 
1. The solid circles are the observed values. 
2. The solid line shows the fit of an empirical model to the 
observed points 
A (t) =o , exp 
(ßt) 19 
coefficient D< = . 0288 
coefficient ß= . 0201 
r= . 9517 P 
<. 005 (seven degrees of freedom) 
Fig. 29 
Coefficient B(slope) from the empirical model for mortality 
(equation 2) for each parasite density against initial parasite 
density. 
1, The solid circles are the observed values 
2. The solid line shows the fit of an empirical model to the 
observed points 
B (t) =a exp (-/3t) 20 
coefficient °C = . 4602 
coefficient /3 =- . 01055 
















Initial number of flukes 
20 40 60 80 100 120 140 




Coefficient A (intercept) from the empirical model for 
mortality (equation 2) for individual heavily infected fish, against 














Coefficient B (slope) from the empirical model for mortal-* 
ity (equation 2) for individual heavily infected fish, against the 
initial number of parasites. 
1. The solid circles are the observed values. 
2. The solid line shows the fit of an empirical model of the 
form, 
B (t) = Et+20 
to the observed data. 
Coefficient _ . 6209 
Coefficient -. 00235 
r= "35966 P 
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closer to zero. This is because in biological terms the intercopt 
is the instantaneous death rate at time 0'i-St where St is an ext. 
remely small time interval. 
The new values for the slopes and intercepts predicted for 
each density class (coefficients a and 
b) were determined using 
the coefficientsc<and ß from the calculated curves shown in figs. 20 
.i 
and 29. Using coefficients a and b, curves for instantaneous 
mortality were determined and are compared with the observed data 
and the curve predicted using coefficients a and b in tabl© 27. A 
comparison between the observed proportion of parasites surviving at 
a series of consecutive points in time and the proportions predicted 
by coefficients 
ä and b' is given in table 26 for each donoity 
class and can be compared with the proportions predicted by a and b 
in table 23. 
The curves for survival and mortality calculated by the 
model (equations 2 and 4) using coefficients 
a 
and bb are poorer 
fits to the observed data than those calculated using a and b. 
However, the exponential relationships between coefficients a and b 
and the initial parasite densities and the coefficients a' and bý 
derived from these relationships do seem to provide a simple model 
for predicting the approximate overall effect of initial parasite 
density on mortality. 
From the proportions of flukes surviving on each individ- 
ual heavily infected fish (56-177 flukes per fish) the instantaneous 
death rates were determined for the flukes on each individual hoot. 
Coefficients a and b from equation 2 were then dotorminod for each 
individual set of data and plotted against the initial number of 
flukes (tables 14,15, figs. 30,31). The intercepts, a(A), 
showed considerable variation, especially at the higher densities, 
A simple linear model of the form, 
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A (t) =et +' (21) 
where 
is the intercept 
ö is the slope 
t is time 
was fitted to the intercepts from the mortality model (equation 2). 
This model gave a significant fit to the intercepts (P <-005) (fig. 
30). The intercepts tended to increase with increasing initial par- 
asite density as would be expected from the grouped data (fig. 20). 
The slopes, b(B), were highly variable (fig. 31) but 
tended to decrease with increasing initial parasite density, again 
as would be expected from the grouped data (fig. 29). Another 
simple linear model of the same form as equation 21 was fitted to 
the calculated slopes 
B(t) a Ct 
This model gave, however, a poor fit to the data (P). 1) 
due to the extreme variability of the data. 
As mentioned previously, -age dependent, and density dopand- 
ent, processes are acting conjointly. The proportion of deaths 
attributable to the effects of density have been ceparatod from that 
attributable to age at the average initial paraoito densities of 
72.4 and 145.8 parasites per host. This separation has been app- 
roached in terms of finite, rather than instantaneous, rates. A 
finite rate is a simple expression of observed values, for example, 
in terms of mortality 
F= (1 - 
Pt 
-+ý ) (22) 
where 
Pt is the number of organisms present at time t. 
Pt +1 is the number of organisms procont at time t+1 
F is the finite rate of change. 
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An instantaneous rate has a time base that is infinitely 
small. For example, in terms of mortality 
dNt a Nt 
(23) 
dt 
and Nt = No et (24) 
where 
Nt is the population size at time t 
No is the population size at timoo 
1u is the instantaneous mortality rate derived as followat 
InNt-InNt+1 (25) 
t 
For a fuller discussion of this topic sae Krebs (1972). 
A finite approach has been adopted hure ineted of the more 
rigorous instantaneous methods described previously because the oom- 
plexity of the interacting processes makes the inatantanoous solution 
extremely difficult. There are as yet no examples of an instantan- 
eous solution to this type of parasitological problem in the litora- 
ture" 
From the observed data (table 23) there in no obvious 
relationship between initial parasite density and survival between I 
and 30 flukes per host. Also the general model fitted to the 
observed data using coefficients a/ and V derived from equations 
19 and 20 only predicts a very small increase in mortality between 
these initial parasite densities (table 27). Therefore, for the 
purpose of the following calculations it is assumed that the mort- 
ality curve for the 14 fluke per hoot initial density class at 2300 
is dominated by age dependent factors. 
From the proportion of parasites surviving at a aoriou of 
consecutive points in time at 14 flukes per host (tables 22Ap 24A) 
the chances of a parasite surviving to the next time point is 
determined. This gives finite death rates for the parasites. 
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Using the observed proportions of parasites surviving at a series of 
time points at initial densities of 72.4 and 145.8 flukes per host 
the expected proportion of flukes surviving to the next time point 
is determined (tables 22D, 24D). This is done by assuming the 
chance of survival to the next time point is the same as that for 
flukes at the 14 fluke per host level (table 22B, 24B). 
The actual proportion of flukes surviving to the next 
point at these high density levels (tables 22C, 24C) is then sub- 
tracted from the predicted results (tables 22D, 24D). The result 
is m1, the proportion of finite mortality attributable to density 
each week (tables 22m1,24m1). By subtraction of m,, from M, the 
total finite death rate (tables 22M, 24M) the proportion of the 
total finite death rate attributable to age dependent factors (m2) 
is determined 
orM. mI +m2 (26) 
The results are displayed in histogram form in fig. 32 . 
Assuming that the effects of finite density dependent mortality are 
additive the effects of m1, and m2 are fairly closely balanced at the 
initial parasite density level of 72.4 flukes per host. 54.6% of 
mortality is attributable to m1 and 45.49 to m2. Moot donoity 
dependent mortality occurs in weeks two to four. Generally the 
relative importance of age dependent mortality tends to inoroase 
during the course of infection. 
At an initial density of 145.8 flukes per host m1 predomin- 
ates with 76.8% of mortality being attributable to density and only 
23.2% to age dependent factors. Density dependent mortality in ý 
predominant over the first four weeks poet infection, especially no 
in the first two. Age dependent factors again become relatively 




The proportion of adult flukes dying each week. 
1. The dots represent the proprtion of mortality attributable to 
density factors. 
2. The diagonal lines represent the proportion of mortality 
attributable to age dependent factors. 
3. The dots plus the diagonal lines represent the total prop- 
ortion dying each week.. 
A. Average initial parasite denstiy 145.8 flukes per host. 
B. Average initial parasite density 72.4 flukes per host. 
























In attempting to examine the effect of parasite density on 
fecundity, the problem of distinguishing density dependent, and age 
dependent effects, again arises. By looking at the fecundity of 
parasitesýoverýa range of initial densities it was hoped that changes 
in the normal age dependent pattern of egg production (chapter 3) 
attributable to density dependent fgctors could be distinguished. 
Fig. 33 and table 11 a-f shows the rate of egg production 
per hour per surviving fluke at the six densities examinod. From 
the graphs it is clear that there are no major differences in egg 
production per surviving flukes at densities of between 1 and 72.4 
flukes per host bearing in mind the fairly wide confidence limits. 
In fig. 33a the data is grouped from larger intervals due to the 
paucity of data. For fig. 33f the data from the 145.8 density class 
has been combined with that from the 13244 flukes per host reinfec- 
tion experiment, in order to increase the quantity of data available. 
This was possible because it is clear from chapter 6 that there is no 
observable difference between egg production data from the two 
classes. 
At an initial density of 30 flukes per host and-at 72.4 
flukes per host the peak of egg production occurs about a week later 
than at lower initial parasite densities. Also at an initial dens- 
ity of 30 flukes per host, there is a longer "tail" in egg production 
than at any other density. This was due to a small number of flukes 
surviving on two hosts which continued to produce eggs at a low rate 
for longer than at any other density (fig. 33C). 
It is apparent from fig. 33F that there is a very consider- 
able difference between the rate of egg production at an average 
initial parasite density of 139.7 flukes per hoist and lower initial 
densities. Hence, there is evidence that the rate of egg prod- 
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uction per fluke exhibits density dependence at high initial parasite 
densities. Until the end of the first week post infection egg prod- 
uction per surviving fluke remains well within the range shown at the 
lower densities. However, instead of the continuing rapid increase 
in egg production for at least another week, shown by the lower dens- 
ities at 23°C, the rate of egg production is almost stationary. 
After three weeks post infection the rate observed is under half the 
rate shown at lower densities. 
The rate recovers however, and after approximately 32 days 
post infection, it has risen to a level comparable to the lower dens- 
ities. Subsequently the rate declines in a manner indentical to 
that displayed at the other densities. These results are shown in 
comparative form in fig. 34" 
The empirical polynomial model described in chapter 4 
(equation 14) gives an excellent fit to all the egg production curves 
(P <. 01) except at 139.7 flukes initial density per host where P (. 05 
(fig. 35, table 17). 
The mean rate of egg production per surviving fluke at the 
midpoints of successive weeks at each density was determined from the 
graphs in fig. 33 (table 18). As in chapter 4 the product of this 
mid-week rate and the proportion of flukes surviving to the midpoints 
of successive weeks (table 23) gives the egg production per average 
fluke in successive weeks (fig. 36, table 19). 
There are some variations within particular weeks between 
the one, two and fourteen flukes per host levels. However, when 
these results are expressed in a cumulative manner (fig. 37, table 20) 
it is clear that these fluctuations even out to give similar totals. 
The graph of total egg output per average fluke during the course of 
infection confirmo this point (fig. 39, table 21A). 
At 30 flukes per host, egg production per average fluke 
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reaches a lower peak, and this occurs in the fourth, rather than in 
the third, week post infection (fig. 36D). This is the result of an 
interaction between two factors neither of which appeared significant 
in themselves. A slightly smaller proportion of flukes survived in 
weeks 3 to 5 (table 38) and the slightly later peak in egg production 
(fig-33D) eompared to lower initial parasite densities. 
The cumulative weekly total of egge per average surviving 
fluke is consistently lower except in weeks one and two (fig. 37). 
Total cumulative egg production per average fluke falls from 59-65 
eggs at lower initial densities to 53 at 30 flukes (fig-39, table 21). 
Egg production per average surviving fluke in the 72.4 
initial density class shows a much more substantial fall. This is 
mainly due to the decreased survival of the flukes, but again, due 
partly to the rather later peak in egg production per surviving fluke 
(figs. 36E, 37E)" 
In the 139.7 initial density class, both the much reduced 
survival of the flukes, and substantial reduction in egg production 
per surviving fluke, result in an extremely large drop in egg prod- 
uction per surviving fluke (figs. 36F, 37F). 
Fig. 39 and table 21A show the relationship between total 
cumulative egg production per average fluke (A) during the course of 
infection and initial parasite density. This shows a steady decline 
with increasing density above 14 flukes per host. 
Using equation 16 the average egg production per host 
during the course of infection for each parasite density was deter- 
mined. Fig. 38 (table 21b) show that maximum egg output per host is 
obtained at about the 72.4 initial parasite density. Above this 
level the effects of the declining rate of egg production per surviv- 
ing fluke, and the decline in parasite survival outweigh the increase 
in initial parasite numbers. 
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 FIG. 33. 
Fig. 33 
-Egg production per surviving fluke per hour against time at 
23 °c. 
1. The vertical bars show the 95% confidence limits round the 
observed points. 





E. 72.4 (average) 

































































Egg production per surviving parasite per hour, at the mid- 
points of successive weeks post infection for five initial parasite 
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Egg production per surviving fluke per hour against time. 
1. The solid circles represent the observed rate of egg product- 
ion at a series of consecutive points in time. 
2. The solid line is the rate predicted by an empirical second 
order polynomial model (equation 14). 





E. 72.4 (average) 
F. 145.8 (average) 
The values of the polynomial coefficients and the fit of the polynom- 








































Egg production per average fluke against time over a range 
of initial parasite densities. 






E. 72.4 (average) 
F. 145.8 (average) 
Egg production per average fluke is the product of the mean 
egg production per surviving fluke and the proportion of flukes sur- 

































Cumulative egg production per average fluke against time. 






E. 72.4 (average) 






























" , FZC. 38. 
Fig. 38 
'Total cumulative mean egg production by all the parasites 
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FIG. 39. 
R . >a. 
Fig. 39 
Total cumulative egg production per average fluke against 
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CHAPTER 6 
An assessment of the influence of host generated immunity on survival 
and fecundity. 
The phenomenon of age dependent survival and fecundity in 
parasitic organisms on, or in, their hosts has been ascribed to two 
causes, host generated immune responses-and senescence (chapter 11a). 
In this chapter two approaches to the assessment of the 
influence of host generated immune responses are described. In 
section (a) challenge infections are compared with primary infections 
to determine whether survival and fecundity are reduced. In section 
(b) flukes transplanted onto naive hosts are compared with thoso 
remaining on the original host throughout the period of infection in 
an attempt to determine the effect on survival of transfer to those 
naive hosts. 
a) Primary and challenge infections 
i) Survival 
The observed survival characteristics of T. pztitialenoe 
infections on B. rerio in the 28-32 mm length clasp at 2300 appear to 
be similar in primary and challenge infections. This is so both for 
a 14 fluke initial parasite density and for hosts exposed. to 370 
cercariae giving an average initial parasite density of 145.0 flukes 
per host in the primary infections, and 132.7 in the challenge infoot- 
ions (fig. 40A, B; tables 260 29). 
The instantaneous mortality for the challenge infections 
was determined (equation 1) and the relationship between death rate 
and time described empirically using the exponential model (equation 
2). Table 28 shows the observed and calculated instantaneous death 
rates at a series of consecutive points in time. 
Using the survival model (equation 4) the predicted survival 
curves were obtained (table 29). These showed a good fit to the 
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FIG . 40" 
Fig. 40 
The mean proportion of parasites surviving at successive 
weekly midpoints for primary and secondary infections at 23 0C. 
- 
1. Open circles denote observed survival for primary infections. ` 
2. Dashed lines represent the curves predicted for the primary 
infections by an empirical survival model (equation 4). 
3. The solid circles denote observed survival for the challenge 
infections. 
4. The solid lines represent the curves predicted for the 
challenge infections by an empirical survival model (equation; 
4). 
A. Initial parasite density 14 flukes per host. 
B. Hosts exposed to 370 cercariae giving average infection 
levels of 145.8 flukes per host (primary infections) and 





















observed points and a'close similarity between the curves for primary 
and challenge infections at both parasite densities was apparent 
(fig. 40A, B). 
The instantaneous death rates were transformed into their 
natural logarithms in order to fit linear regressions and obtain 
constants a (intercept) and b (slope) for the exponential models. 
An analysis of covariance was carried out (LoCren, 1951; Snedecor and 
Cochran, 1967) to compare the regressions for the instantaneous death 
rates for the primary and challenge infections at each density. 
The natural logarithms of the observed points for the 
primary and challenge infections and the regressions for both density 
levels are shown in figure 41 A, B. The analysis of variance (tables 
329 33) showed that there were no significant differences between 
either the slopes or the intercepts of the regressions at either denD- 
ity level (P >. 10 in each case). 
ii) Fecundity 
The egg production of the challenge infection at the 14 
fluke per host level was not determined. 
From fig. 42 and tables 30 and 31 it is clear that egg 
production in the primary infections and challenge infections at 
initial parasite densities of 145.6 and 132.7 parasites per host roe- 
pectively do not differ in terms of the rate per surviving fluke. 
These results are discussed in chapter 11aß o. 
b) Survival of flukes transplanted to previously uninfeoted fish 
Flukes were removed from their hosts seven days post infect- 
ion and transplanted onto previously uninfected fish, six hosts were 
given infections of 3,49 7r 8# 11 and 12 flukes. 
From fig. 43 it appears that the proportion of flukes cur- 
viving at a series of consecutive points in time in this transplant 




Natural logarithms of the instantaneous death rates 
(equation 1) of parasites at a series of consecutive points in time. 
1. The open circles denote the observed points for primary 
infections. 
2. The dashed lines are regressions fitted using a linear least 
squares technique to the observed data for the primary infect- 
ions. 
3. The solid circles denote the observed points for challenge 
infections. 
4. The solid lines are regressions fitted to the observed data 
for the challenge infections. 
A, Initial parasite density of 14 flukes per host 
B. Hosts exposed to 370 cercariae giving average infections of. 
145.8 flukes per host (primary infections) and 132.7 flukes 
per host (challenge infections). 












Egg production per surviving fluke per hour against time at 
23°C. 
1. The dashed line and open circles denote egg production in 
the primary infections (mean initial parasite density 145.8 
flukes per host). 
. 
2. The solid line and solid circles denote egg production in 
the challenge infections (mean initial parasite density 132.7 
flukes per host). 
3. The vertical lines denote the 95% confidence limits round 
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The proportion of flukes surviving at a series of consec- 
utive points in time at 23°C. 
1. The solid circles and solid line shows the results for trans- 
planted flukes. 
2. The dashed line and open circles show the results for the 
original age dependent survival experiment with 14 flukes per 
host initial parasite density at 230C- 
3- The vertical bars denote the 95% confidence limits for the 
transplantation experiment. For the confidence limits for 
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experiment. The only obvious difference is a sharp drop in the 
first half week post-transplantation. This initial drop suggests 
that some flukes were damaged during transplantation or failed to 
adapt to the microenvironment of their new host. 
From the adjusted survival data for the transplant experi-- 
ment (table 34A) the instantaneous death rates for the flukes were 
determined at a series of consecutive points in time (equation 1) 
(table 34B). The natural logarithms of this data were then compared 
with those for the original age dependent data (table 28) to see if 
the linear regression for the sets of data were significantly diff- 
erent using the analysis of variance described in section a. The in. 
transformed data and the regression lines for the original age depend- 
ent and the transplant experiments are shown in fig. 44. There was 
no significant difference between either the slopes (P >. 10) or 
intercepts (P> . 10) of the regressions 
(table 35)" 
Thus, despite the fall in the proportion of flukes surviv- 
ing in the first half week post-transplantation, transplantation 
cannot be shown to have had any significant effect on the survival 
of T. patialense. 
Using the coefficients a (intercept) and b (slope) from 
the control experiment the instantaneous death rate predicted by 
equation 2 was determined for a series of consecutive points in tim©. 
It can be seen from table 34B that these are in good agreement with 




Natural logarithmic transformations of the instantaneous 
death rates (equation 1) of flukes at a series of consecutive points 
in time. 
1. The solid circles show the observed results for transplanted 
flukes. 
2. The solid line is a linear least squares regression (equation 
21) fitted'to the above results. 
3. The open circles show the'observed results for the age dep- 
endent survival experiment (chapter 3)- 
4. The dashed line is a linear least squares regression 
(equation 21) fitted to the above results. 
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The effect of host size on survival at, 230C 
In the 28.1-32 mm fish host size class, and the class con- 
taining fish more than 32 mm in length, the proportion of parasites 
surviving to the mid-point of each successive week post infection, 
show no obvious difference. It is clear, however, that survival 
progressively diminishes in the smaller host size classes (fig. 45, 
table 36). In the smallest size class, no parpeitos survive to the 
mid-point of the first week post infection. 
The average time taken for the number of parasites to fall 
to half the original level in each host size class, also shown little 
difference between the two largest size classes. In progressively 
smaller fish, however, this time rapidly decreases (fig. 46, table 
37)" 
The mean size of the hosts, in all siso classes except one, 
increased appreciably between the time of infection and both the time 
to 50% parasite survival, and the time when the last parasite had 
died. The exception was in the 8.1-12.4 mm size class (fig. 47, 
table 37). These increases in the size of the hosts during the 
experiments, generally conformed to the growth curve for B, rorio 
obtained in the laboratory, which exhibited a gradual dooroaso in the 
growth rate with increasing size (fig. 48). 
The underlying relationship between parasite survival, 
host size and host growth rate is complex, and could only be 




- The proportions of parasites surviving at the midpoints 
of successive . weeks--post-infection for six size classes of 
., fish hosts. 
1. The solid circles and solid lines denote the observed' 
results. 
2. The heavily dashed lines link each time point between,. 








rý C4 \\ 
00 
le- Cl) I. 
ýco ý 
O CO t0 'I N 00 







The average time for the number of parasites to fall to-5 0% 
of their initial numbers against the mean lengths of each length 
class of fish hosts at the time of infection. 
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°; FIG. 47. 
Fig. 47 
The increase in the mean size of the hosts in each size 
class against the percentage of parasites surviving. 
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Increase in the length of uninfected B. rerio with time. 
1. The solid circles are the ipeans of sets of observed points. 
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CHAPTER 8. 
Factore affecting the rato of erp. " production 
A 
Although this thesis is mainly concerned with population 
studies, growth of the parasite on the fish hoot has been examined in 
some detail. These studies had two main objectives; firstly, it was 
hoped that such studies might reveal density dependent growth offeote. 
If present, these could account for the reduced rate of egg product-, 
ion at high initial parasite densities. Secondly, the investigat- 
ions were regarded as an attempt to correlate the growth of the vit- 
elline glands with the commencemont of egg production and the subse- 
quent rapid rise in egg production per surviving fluke (fig. 10). 
In addition to those oxporimonts an attempt wan made to 
correlate the occurrence of certain reproductive abnoxmalitieo in 
adult T. patialenne with the declining phaoo of egg production and the 
mode of feeding of adult T. patialenne on the fieh hoot wau examined 
in-a preliminary way. 
aý Growth 
j) Growth in width of the_adult paraoito at three initial paraoite 
densities. 
A number of Braohydmnio rerio were infootod with oithor 
14P 30 or an average of 124 flukes per hoot and maintained at 23°C" 
At weekly intervals numbers of flukes were removed from come of the 
hosts and their widths determined. The initial widths at the time 
of infection were determined by measuring tho widths of oorcarine. 
Rte to the ease with which flukes can be deformed the moao- 
uring technique, which involved flattening batches of flukou under 
coveralipa, could have led to serioun inaccuracies in the roculto. 
In an attempt to estimate the extent of variability produced in thin 
way control experimonto were carried out. No significant difference 
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between the widths of flukes on six separate slides in either of the 
two control experiments was observed (methods 24b) (analysis of vari- 
ance; see Bailey, 1959) using flukes from infected hosts seven days 
post infection (P> . 10 in each case). Thus the measuring technique 
did not tend to introduce a significant inoreaso in variability 
between slide preparations. 
The growth curves in figure 49 (table 39) show that at 
initial parasite densities of 14 and 30 flukes per hoot growth is 
markedly age dependent with a sharp increaco in width in the firnt 
week post infection followed by a fall in the rate of increase. A 
virtual cessation of growth in indicated by the fourth week post 
infection. Similarly, the instantaneous growth rates (table 30) 
calculated from the growth data using the formula 
In width(t4) - In widtht (27) 
(Ricker, 1975) show a steady deoroaco in timo. 
At the avers initial infeotion level of 124 flukou per 
hoot there is evidence that growth is reduced. Aftor two wooku the 
average width of flukes at this density had increacod fron . 638 to 
-. 337 mm whilst there wore incroaeee to . 939 and . 915 at 14 and 30 
flukes per host respectively at thin Otago. 
The moans of the sots of data for fluke widths two wooko 
post infection at the-throe initial paracito donoitioo were compared 
using a t"-tent for the comparison of small samples where the varien- 
cea are assumed to be equal (Dailey, 1959)" There was found to be 
no significant difference between the moans at 14 and 30 flukes per 
host levels (P) . 10). The means of the 14 and 30 fluke level infeot- 
iona both differed significantly from that at the 124 level (P< . 01 
and < . 001 respectively). The highest parasite level therefore, 
causes a siplificant reduction in the size of flukes at two weeks 
post infeotion. 
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FIG . 49. 
Fig. 49 
The mean widths of T. patialense at a series of consecutive 
points in time post infection. 
1. The solid square denotes the mean width at the time of 
infection i. e. the cercarial width. 
2. The solid triangles denote the mean widths of adult flukes 
with an initial parasite density of 14 flukes per host. 
3. The open circles denote the mean widths of adult flukes 
with an initial parasite density of 30 flukes per host. 
4. The open squares denote the mean widths of adult flukes with 
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No attempt could be made to determine moan parasite widths 
after the second week post infection at the 124 fluke per host level. 
This was due to the high mortality of flukes at the high initial 
parasite density (chapter 5) leaving so few flukes after this time 
that an impossibly large number of replicates would have been required 
to obtain sufficient data, given the available supply of cercariae of 
T. i, atialense. This is unfortunate as it would have boon interesting 
to see if the recovery in egg output (fig. 33F) was associated with 
an increase in size. 
A variety of models exist for fitting growth data. One of 
the most versatile of thine is the Gomportz function (Gomportz, 1825; 
D'Aroy-Thompson, 1917) which has been utilised in a wide variety of 
biological situations, for example, in the analysis of growth of 
clams (Weymouth, McMillan and Rich, 1931), human populations (Shryock 
and Siegel, 1973) and tumours (Norton, Simon, liroroton and Dogdon, 
1976). Sullivan (1968) compares the Gompertz function favourably 
with the von Bertalanffy growth model for fitting weichta-at-acýo data 
for four fish species. 
The Gompertz function has the form: 
Yt = Be 
a/b [1 
_ ebt] (28) 
where Y is the size of the organism at time t 
; constant a is the intercept and oonatant b the slope from the 
linear regression fitted to the natural logarithms of the 
instantaneous growth rates. 
; constant B is the size of the organiom at birth i. o. 8 miY0 
The model assumes that the rate of growth declines to zero 
as the animal ages and hence, has a fixed maximum size. From the 
shape of the observed curves (for example in fig. 49) this seems a 
reasonable assumption. 
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When t becomes large the model collapses giving 
y= Be a/b (29) cýo 
where 
Yo,, is the maximum size attained. 
The underlying model is 
V- 
=A (t) Yt (30) 
where 
A(t) is the growth rate which is a function of age (t) and 
A (t) ¢ ae -bt (31) 
This model of the instantaneous growth rate in clearly analogous with 
the model for the inatantanooun death rate (equation 2). The cons- 
tants a and b are again obtained from the linear regreuoiona fitted 
to the natural logarithms of the observed inatantancoua growth raten. 
Table 38 shows the observed values for the inetantaneouc 
growth rates, the values predicted by equation 31, the values of 
coefficients a and b, and the correlation coefficients for the fit of 
the regressions for the three density classes. Table 39 and fig. 50 
show the observed parasite widths and 95ýI6 confidence limits and the 
results predicted by the Gompertz function (equation 20). 
The rather poor fit of the modele to the data for both ins« 
tantaneous growth rate (equation 31) (tablo30) and parasite width 
(equation 28) (table 39, fig. 51) at the 14 and 30 parasite per hoot 
density levels stems from the poor fits of the linear regressions to 
the natural logarithms of the observed inotantaneouo growth rates 
(P>-05 in each case that the correlation is insignificant). Ihre to 
this the resulting coefficients a and b introduce the inaocuraoioo 
into the models* 
ii) The development of the vitelline Clanda. 







The'observed mean widths of T. patialense at a series Of'', 
consecutive points in time post infection and the widths predicted by 
a growth model. 
1. The solid circles denote the observed points. 
2. The short horizontal lines denote the 95% confidence limits- 
for the observed points. 
3. The solid lines denote the curves'predicted by a Gompertz 
growth model (equation 28). 
The values of the coefficients for the above model are 
given in table. 38. 
A. Initial parasite density 14 flukes per host 
B. Initial parasite density 30 flukes per host 
























A. The instantaneous growth rate of the mean area of T. patialense 
at a series of consecutive points in time post infection. 
1. The solid circles denote the observed points. 
2. The solid line is the curve predicted by an exponential 
model (equation 31). 
For the values of the coefficients for this model-see table 40A. 
B. The mean area of T. patialense at a series of consecutive points in 
time post infection. 
1. The solid circles denote the means of sets of observed points. 
2. The point at t=O is the value at the time of infection and 
is the result for decaudated cercariae. 
3. The vertical lines denote 95% confidence limits round the 
observed points. 
4. The solid line denotes the curve predicted by a Gompertz 
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vitelline glands were determined utilising a photographic technique. 
The increase in total area shows an initial steep rise 
which becomes increasingly gentle (fig. 51B, table 41B) and this is 
accompanied by a decline in the instantaneous growth rats of the area 
(fig. 51A, table 41A). 
A linear regression fitted to tho natural logarithms of the 
instantaneous growth rates of the areas provided the coefficients for 
the empirical models (equations 28 and 31) and in this cave was a good 
fit (P< . 001). The predicted curves for the instantaneous growth - 
rate of the areas of the flukes (fig. 51A, table 41A) and the actual 
changing area of the flukes with time (fig. 51B# table 41B) fit tho 
observed data extremely closely. 
The observed area of the vitollaria increased with extromo 
rapidity to 23 times the original area in the first wook pout infeot-» 
ion followed by smaller rises up to 2.85 weeks pout infootion (table 
41B) and consequently the instantaneous growth rate drops steeply 
(table 40B). Figure 52 shows the extont of tho vitellino Clando in 
three flukes; A, at the time of infection; Bp two days pout infection 
and C, one week post infection. 
A linear regression fitted to the natural logarithms of the 
instantaneous growth rates again provided the cooffioiento for 
equations 28 and 31. Although the regression is a significant fit 
to the data (P «. 01) the predicted growth rata (table 401 and area 
(table 42B) do not provide good fits to the oboerred data. To coo 
if this was due to the extremely rapid initial drop in instantmneoun 
growth rate, square root transformations of the aroa data were made 
(table 41D, fig. 53). The correlation coefficient for the fit of 
the linear regression to the transformed data wan improved. 
The curve predicted by the model for the inotantanoous 




The extent of the vitelline glands in three "typical" 
adult T. patialense. 
A. At the time of infection. 
B. Two days post infection. 
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The instantaneous growth rate of the square root of. the mean, 
area of the vitelline glands of T. patialense at a series of"consecut- . 
ive points in time post infection, 
1. The solid circles denote the observed points. 
2. The solid line is the curve predicted by an exponential model` 
(equation 31). 
For the values of the coefficients for the model see table 40C. 
Fig. 54 
The square root of the mean area of the vitelline glands 
of T. pätialense at a series of consecutive points in time post 
infection, 
1. The solid circles denote the observed points. 
2. The point at t) is the value at the time of infection and 
is the result for decaudated cercariae. 
3. The solid line is the curve predicted by a Gompertz growth 



























of the growth in area in fig. 54 (table 41D). Fig. 5 (table 41C) 
shows the observed data for the area of the vitelline glands as a 
percentage of the total area of the flukes. This graph shows that 
almost all the expansion of the vitelline area as a percentage of the 
total area occurs in the first week post infection. Most of the 
increase in area of the vitelline glands after this time is aocomp- 
anied by an equivalent increase in total area. 
b) Assessment of reproductive abnormalities.. in adult T. patialenee. 
Figure 56 and table 42A show the mean proportion of flukes 
showing reproductive abnormalities following initial parasite densit. 
ies of 14 flukes per host at 23°C on successive weeks post infection. 
The proportion of abnormal flukes is low except in wecke nix, seven 
and eight where between 16.3 and 22.5% were affected. The majority 
of the abnormalities consisted of the presence of between one and 
five tanned eggs in the uterus with or without a largo amorphous assn 
of tanned vitelline material in the vitellino reservoir and ootype. 
Less often such a mass of material was present in the absence of 
tanned eggs. Plate 5, shows a typical "blocked fluke" with three 
tanned eggs in the uterus. 
When tanned eggs were seen in the uterus of a fluke in the 
one fluke per host density dependent fecundity and survival experi_; * 
ments, egg production was assessed over five successive 24 hour 
periods. On every one of these occasions no eggs were produced. 
From this result the assumption was made that there was no egg prod- 
uction in any fluke showing these abnormalities. An attempt was 
made to investigate the influences of these abnormalities on the rate 
of egg production per surviving fluke. 
The mean rate of egg production per surviving fluke at an 
initial parasite density of 14 flukes per host at 230C (fig. 579 




An adult fluke displaying reproductive abnormalities. 
A. A series of three tanned eggs are present in the uterus. 



















FIG . 55. 
Ä< 
Fig. 55 
The area of the vitelline glands of T. patialense as a per- 
centage of total area at a series of consecutive points in time post 
infection. 
1. The solid circles denote the means of sets of observed 
points. 
2. The point at t=O is the value at the time of infection and 
is the result for decaudated cercariae. 














displaying' reproductive abnormalities as predicted by the data in 
table 42A. The resulting data for egg production per surviving 
normal fluke are shown in table 42C and the increases over egg prod- 
uotion for all surviving flukes in fig. 57. It is clear that the 
assumption that abnormal flukes exhibit no egg production has only a 
small effect on the previously calculated rate of egg production. 
Thus the increase in the proportion of abnormal. flukee at size seven 
and eight weeks post infection only goes a small way towards explain- 
ing the falling phase of egg production per surviving fluke which 
commences after the third and fourth weeks post infection at 230C. 
c) Feeding. 
To investigate the mode of feeding of T. patialenne on its 
experimental definitive host B. rerio scanning electron micrographs of 
the surface of infected fish were produced. When scales, under 
which parasites were present, were removed, impressions made in the 
underlying epidermis by the ventral sucker were visible at low power. 
Plate 6 shows one such impression. 
At higher magnifications a lesion (plate 7, C) was observod 
at the anterior side of the ventral sucker impression (plate 79 B) 
with respect to the anterior posterior axis of the fish host. This 
portion of the impression is consistent with the area of overlap 
between the ventral sucker and oral sucker or pharynx of the parasite 
(fig. 3). It thus appears that this lesion represents feeding 




The mean proportion of surviving flukes showing reproduct- 
ive abnormalities in successive weeks post infection. 
Fig. 57 
The mean rate of egg production per fluke per hour in suc- 
cessive weeks post infection with an initial parasite density of 14 
flukes per host at 23°C. 
1. The hatched areas show the mean rate for all surviving 
flukes. 
2. The stippled areas show the increase if the rate is re-calcul- 



























Scanning electron micrograph of a portion of the surface, 
of a specimen of Brachydanio rerio infected with Transversotrema 
patialense. 
Parts of a number of scales are visible but in the central 
area a scale beneath which a specimen of T. patialense was present has 
been removed. The imprint of the parasites ventral sucker can be 
seen in this area (A), 
The top of the picture is anterior with respect to the 
anterior-posterior axis of the fish. 
Plate 7 
Scanning electron micrograph showing the imprint of the 
ventral sucker of Transversotrema patialense on Brachydanio rerio in 
greater detail. 
A. The indentations made by the backwardly directed spines cover- 
ing T. patialense. 
B. The imprint of the ventral sucker in greater detail. 
C. Imprint of mouth. The picture is rotated 90 degrees anti- 
clockwise from Plate 6 and so the depression shöwn is in the 
position where the oral sucker, or pharynx, of T. patialense 
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CHAPTFR 
The effect of cyclical changes in illumination and temperature on 
egg production. 
During trials to develop an accurate method to asoeos 
fecundity, it was noted that egg production appeared to be higher 
during periods of darkness than during periods of light. 
This interesting phenomenon was investigated in more detail. 
In each experiment a newly infected host was placed in a cage and 
rotated automatically through a series of pots of tapwater using a 
modified laboratory carousel. Eggs from the parasites on the fish 
fell into the water in the dishes and were counted. The effects of 
cyclical changes in temperature and illumination on the rate of egg 
production were investigated. 
It was found that in all the experiments the first egge 
were produced between 72 and 96 hours post infection. Eg( output 
was consistently greater during periods of darkness than during 
periods of illumination in both replicates (fig. 58A; table 43). 
These differences were found to be significant using a modified vers- 
ion of Student's t-test for small samples (Bailoy, 1959) to test 
total egg production in each light period against total egg product- 
ion in each dark period (table 43). 
to 5,012 10 df P <. 001 
t=7.699 20 dt P< . 001 
In the control experimcnto conducted in conditions of cons- 
tant light, egg production in the 12 hour periods corresponding 
temporarily to the periods of light and dark, showed no obvious 
rhythm (fig. 59c, D; table 43). The difference between tho periods 
was found to be atatisically insignificant in each case. 
ta . 943 18 of P>0010 







Egg production of T. patialense in cyclically varying light 
(A and B), constant light (C and D) and temperature (E) regimes, 
expressed as a proportion of the highest recorded production in a 
12 hour period in each experiment, 
1. In A-D the diagonal lines represent light periods and the 
heavily outlined bars, dark periods. 
2. In E the diagonal lines. represent periods at 26°C and the 
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FIG. 59. 
A. Temperatures in pots after six hours of darkness. 
B. Temperatures in pots after four hours illumination. 



















In the experiment using a cyclically varying temperature 
regime, egg production tended to be slightly greater during the 12 
hour periods at 26°C than during the 12 hour periods at 23°C (fig. 57 
E; table 43). This difference was found to be statistically insi&- 
nificant 
tý1.746 14df P»0.1 
In the control experiment to determine the heating effects 
of the fluoraoent tube used to provide illumination, the pot of tap- 
water nearest the light rose in temperature by 0.75°C over a four 
hour period. The temperatures in the other pots varied by no more 
than ± 0.25°C (fig. 58), the temperature of the experimental 
" chamber being 23 
0C. 
So tho temperature differenoea in the pota wore extremely 
small, and the temperature dependent factors in the rate of egg prod. 
uction are simlarly small. Thun, the observed differences in the 
cyclically varying illumination regime, appear to be a direct result 
of the actual illumination changes, and are not due to the heating 
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The influence of differing ionic environments on the cercarial* post 
cercarial and adult stages of Transversotrema patialense. 
The survival of adult T. patialense and survival and infect- 
ivity of cercariae in differing ionic environments were investigated. 
These experiments constituted an attempt to gain insights into the 
ionic environment of the adult fluke in its unusual niche under the 
scales of its fish host. It was also hoped that the results of such 
experiments would enable a comparison between the transformation from 
cercaria to post-cercarial and adult stages with the similar trana- 
formation of the entoparasitic digenean Schistosoma manooni which has 
been extensivley studied (Brink, PIoLaren and 3mithers, 19771 flamaiho- 
Pinto, Gazzinelli, do'Oliveira, Piguoiredo and Pellegrino, 1975). 
Lastly, it was believed that investigations using a variety of ionic 
environments would provide information relevant to the exiotance of 
marine, and brackish, as well as freshwater,, definitive hosts for the 
genus Transverootrema (Appendix 1). 
The egg output of adult flukes in vitro wan also invest- 
igated to determine whether there were any illumination-generated 
differences in egg output. The exiotance of ouch differonoos might 
indicate that the cyclical egg output of tho paraciteo (chaptor 9) is 
due to the direct effedto of light on the occolate adult parasite, 
rather than through light generated rhythms in hoot behaviour or 
physiology. 
a) The in vitro culture of adult T. patialonee. 
al) The influence of different saline solutions on the survival of 
adult flukes in vitro. 
Adult flukes were removed from the fish host and their 
survival investigated in different saline solutions. The survival 
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curves for adult flukes removed from their fish hosts three days post 
infection, and cultured in full strength Cortland saline, in Cortland 
saline made up with tapwater instead of distilled water, and in frog 
ringer, are all extremely similar (fig. 60, table 44A). It appears 
from these results that there was no factor in tapwater reducing sur- 
vival and that the glucose (1gn/litre) in the Cortland saline did not 
increase survival appreciably over the frog ringer which did not 
contain glucose. 
The survival curves for adult flukes removed from their 
fish hosts eleven days post infection (fig. 61, table 44B) chow that, 
whilst a reduction in the strength of Cortland saline to 50% causes a 
small decrease in survival, a reduction to 10% results in a steep 
initial decline. Only half the original number remain after 45 
minutes in the saline. After this steep fall the decline in the 
proportion surviving becomes progressively more gentle and after 50 
hours the proportions surviving in 10% and 50% saline are similar, 
a2) The effect of am, at the time of romoval from the fish host on 
the survival of adult flukes. 
i) Full strength Cortland saline. 
From fig. 62 it is clear that tho survival curves for 
adult flukes removed from the fish host three and eleven days post 
infection are very similar. The curve for flukes removed from the 
host five minutes post infection is rather lower. From the sets of 
observed survival data (table 45) the instantaneous death rates were 
determined at a aeries of consecutive points in time (table 46). 
Least squares linear regressions wore fitted to the natural logarithms 
of the three sets of data. For all three regressions the correlat- 
ion coefficients were highly significant (P<. 01). The analysis of 
variance described in chapter 6 was used to determine whether the 




The proportion of flukes removed from the fish host three 
days post infection surviving at a series of consecutive points in 
time in different culture media. 
1. Solid circles denote survival in full strength Cortland 
saline. 
2. Open circles denote survival in. full strength Cortland saline 
made up with tapwater instead of distilled water. 
3. Open triangles denote survival in full strength frog ringer. 
Fig. 61 
The proportion of flukes removed from the fish host eleven 
days post infection at a series of consecutive points in time in d if- 
ferent culture media. 
1. Solid circles denote survival in full strength Cortland 
saline. 
2. Open circles denote survival in 50% Cortland saline. 
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Fig. 62 
The proportion of flukes surviving at a series of consecut- 
ive points in time in full strength Cortland saline. 
1. Solid triangles denote flukes removed from the fish host 
eleven days post infection, 
2. Open circles denote flukes removed from the fish host three 
days post infection. 
3. Solid circles denote flukes removed from the fish host five, 
minutes post infection. 
Fig. 63 
The proportion of flukes surviving at a series of consecut- 
ive points in time in tapwater. 
1. Solid triangles denote flukes removed from the fish host 
eleven days post infection. 
2. Open circles denote flukes removed from the fish host three 
days post infection. 
3. Solid circles denote flukes removed from the fish host five 
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three day, post infection flukes (fig. 64) and three and eleven day, 
post infection flukes (fig. 65), were significantly different. 
It was found that there was no significant difference 
between'either the slope or the intercept of the regreaciona for the 
three and eleven day post infection flukes (P >. 10). There was no 
significant difference between the slopes of the regressions for five 
minute and three day flukes (P 
). 10), but there was a significant 
difference between the intercepts (P<. 01)* Those results support 
the deductions made from the survival curves that flukes removed from 
the fish host after five minutes post infection survive loss well in 
the Cortland saline than those removed three and eleven days post 
infection. 
ii) Tapwater 
In tapwater the proportion of flukes surviving falle otoep- 
ly to between . 270 and . 238 of the original level after one 
to two 
hours, for all three ages, post infection. After thin time the 
proportion of flukes removed three and eleven days post infection are 
similar, and fall to . 05 and . 062 of the original level 24 hours post 
removal. The proportion of flukes removed five minutes post infeot- 
ion falls much less steeply, and . 226 survive for 20 hours and . 212 
for 40 hours in vitro. 
Looking at figures 62 and 63 togethor, flukes removed five 
minutes post infection survive less well in saline, and better in 
tapwater, than flukes removed from the fish host three and eleven 
days post infeotion. 
a3) Survival of flukes in vitro in full strength Cortland saline in 
non-sterile conditions and in full ctrength Hank's solution in 
sterile conditions. 
From figs. 66 and 67 it appears that flukoa curvived rather 






Natural logarithmic transformations of the instantaneous- 
death rates (equation 1) of flukes in vitro at a series of consecu- 
tive points in time in full strength Cortland saline. 
1. The open circles show the observed data for flukes removed- 
from the fish host three days post infection and the dashed 
line is a regression fitted to this data with the coefficients: 
a (intercept).. = -4.7622 
b (slope) . 03177 
2. The solid circles show the observed data for flukes removed 
from the fish host five minutes post infection and the solid 
line is a regression fitted to this data with the coefficients: ', - 
a (intercept) _ . 4.2036 
b (slope) _ . 0333 
Fig. 65 
Ratural logarithmic transformations of 'the instantaneous 
death rates of flukes in vitro at a series of consecutive points in 
time in full strength Cortland saline. 
1. The solid circles show the observed data for. flukes removed 
from the fish host eleven days post infection and the solid 
line is a regression fitted to this data with the coefficients: '" 
a (intercept) _ -4.938 
b (slope) . 0355 

































The proportion of flues removed from the fish host eleven 
days post infection, surviving in vitro at a series of consecutive 
points in time. 
1. Open circles denote survival in full strength Cortland saline 
In non-sterile conditions. 
2. Solid circles denote survival in full-strength Hank's solut- 
ion in sterile conditions. 
3. The vertical lines denote 96 confidence limits. 
Fig. 67 
The proportion of flukes removed from the fish host three 
days post infection surviving in vitro at a series of consecutive' 
points in time. 
1. Open circles denote survival in full strength Cortland saline,.; 
in non-sterile conditions. 
2. Solid. circles denote survival in fill strength Hank's solut- 
ion in sterile conditions. 
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saline in both experiments. One was carried out using flukes remov- 
ed three days post infection, and the other with flukes removed 
eleven days post infection. 
Prom the sets of survival data for flukes removed from the 
fish host three and eleven days post infection (table 48 At B) the 
instantaneous death rates were determined. The fit of the least 
squares linear regressions to the natural logarithms of the two sets 
of data (figs. 70,71) was significant in each case. 
The analysis of variance described in chapter 6 was used to 
compare the regressions for the three and eleven day flukes in Cort- 
land saline in non-sterile conditions (table 46 3, C), with those for 
the similarly aged flukes in sterile Hank's solution. There was 
found to be no significant difference between the slopes or inter- 
cepts for eleven day post infection flukes (P). 10) (fig. 70). There 
was no significant difference between the slopes of the regressions 
for the three day flukes (P> . 10) but there wan a significant diffor- 
ence between the intercepts (P<. 01). 
It is clear from these results that no improvement in cur- 
vival resulted-from sterile, rather than non-sterile, incubation. 
Although different media were used in each case, Hank's solution 
closely resembles Cortland saline, and both contain 1gn/litre glucose. 
The pH's of the media were also similar. It is hard to explain why 
there was a significant difference between the regressions fitted to 
the instantaneous death rates for three day flukes. It should be 
noted, however, that the three day sterile experiment was not replic- 
ated, whilst the eleven day one, where no significant difference was 
found, was. Perhaps, therefore, more weight should be attached to 
the latter result. 
Using the coefficients a (intercept) and b (slope) from the 
regressions, predicted values for the instantaneous death rates were 
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calculated using the model described in chapter 3 (equation 2). The 
predicted values showed good agreement with the observed data (table 
46B, C; table 49 A, B). 
b. ) Survival of decaudated cercariae compared with survival of adult 
flukes removed from the fish host five minutes post infection. 
From the survival curves for decaudated corcariae in full 
strength Cortland saline and tapwater (table 50 At B; figs. 68,69) 
instantaneous death rates were calculated (equation 1) (table 51 A, B). 
The fit of least square linear regressions to the natural logarithms 
of these death rates (table 51 A, B) was found to be significant. 
Using the coefficients a (intercept) and b (slope) from the 
regressions predicted values for the instantaneous death rates wore 
calculated using the exponential model (equation 2) and showed good 
agreement with the observed data (table 51 Ap B). 6 
: Fig. 68 shows that the survival curves for the decaudated 
cercariae, and adult flukes removed from the fish host five minutes 
post infection, are extremely similar. The analysis of variance, 
described in chapter 6, was used to compare the regression previously 
calculated for five minute post infection flukes (table 46 A), and 
that for decaudated cercariae in Cortland saline (table 51 A). There 
was found to be no significant difference between either the slopes 
or intercepts of the regressions (P> . 10 in each case). It is clear, 
therefore, that there is no difference between the survival of decaud- 
ated cercariae and five minute adult flukes in full strength Cortland 
saline in non-sterile conditions. 
Figs. 68,69 show that adults removed from the fish host 
five minutes post infection have become water intolerant, and, as 
described in section a2,75% the in the first 1-2 hours in tapwater. 
The decaudated cercariae, however, do not exhibit water intolerance, 
and the survival curve for decaudated cercariae in tapwater (fig. 69) 
300 
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FIGS. 68,69. 
Fig. 68 
The proportion of T. patialense surviving in vitro in non- 
sterile conditions, in full strength Cortland saline, at a. series of 
consecutive points in time. 
1. The solid circles denote survival of decaudated cercariae. 
2. The open circles denote survival of adult flukes removed from 
the fish host five minutes post infection. 
Fig. 69 
The proportion of T. patialense surviving in vitro in non- 
sterile conditions, in tapwater, at a series of consecutive pointsin 
time. 
1. The solid circles denote survival of decaudated cercariae. 
2. The open circles denote the survival of adult flukes removed 
from the fish host five minutes post infection. 


























'aj5iral logarithmic-transformations. of the instantaneous 
death rates of flukes removed from the fish host eleven days post in- 
fection, in vitro at a series of consecutive points in time. 
1. The solid circles show the observed data for flukes in full 
strength Hank's solution in sterile conditions and the solid 
line is a regression fitted to this data with the coefficients: 
a (intercept) _ -4.0602 
b (slope) _ . 02551 
2. The open circles show the observed data for flukes in full 
strength Cortland saline in non-sterile conditions and the 
dashed line is a regression fitted to this data with the 
coefficients: 
a (intercept) _ -4.938 
b (slope) _ . 03550 
Fig. 71 
Natural logarithmic transformations of the instantaneous 
death rates of flukes removed from the fish host three days post in- 
fection, in vitro at a series of consecutive points in time. 
1. The solid circles show the observed data for flukes in full 
strength Hank's solution in sterile conditions and the solid 
line is a regression fitted to this data with the coefficients: 
a (intercept) _ -3.9835 
b (slope) _ . 02653 
2. The open circles show the observed data for flukes in full 
strength Cortland saline in non-sterile conditions and the 
dashed line is a regression to this data with the coefficients: 





Natural logarithmic transformations of the instantaneous 
death rate of decaudated cercariae in non-sterile conditions at a 
series of consecutive points in time. 
1. The solid circles show the observed results-for decaudated 
cercariae in full strength Cortland saline and the solid 
line a regression fitted to this data, with the coefficients: 
a (intercept) = -3.9835 
b (slope) . 02653 
2. The open circles show the observed results for. decaudated 
cercariae in tapwater and the solid line is a regression 
fitted to this data with the coefficients: -'a 
(intercept) _ -3.868 


























closely resembles that for decaudated cercariae and five minute 
adults in Cortland saline (fig. 68). 
The regressions calculated from the death rates for decaud- 
ated cercariae from tapwater and saline were compared using the anal- 
ysis of variance described in chapter 6. There was no significant 
difference between either the slopes or intercepts (P >. 10 in each 
case) (fig. 72). 
The decaudated cercariae therefore do not resemble the 
young adult flukes in their reaction to tapwater, and have not become 
water intolerant. Survival in saline, however, is similar. 
In vitro et production in full strength Cortland saline in non. 
sterile conditions. 
The production of eggs by flukes removed from the fish host 
eleven days post infection was measured and the effects of darkness 
on this egg output was determined. 
Table 52 shows that the rate of egg produotion is extroinely 
high in the hour after the removal of the flukes from the fish in 
conditions of constant light. This rate declines steadily, and by 
the third hour is lese than the average rate per surviving fluke at 
23°C for eleven day old flukes in the age dependent fecundity experi- 
ment (chapter 3). No egg production was observed after the ninth 
hour. 
The five pots of 20 flukes placed in äaxkness for six hours 
after removal from the fish host produced a total of 87 eggs in this 
period. The five pots of 20 flukes placed in the light produced 
a total of 81 eggs. 
The variance ratio obtained from the eog production in 
individual pots in light,. and in darkness, was not found to be sig- 
nificant (P> . 10). Therefore, a t-teot for the comparison of the 
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means of two small samples with variances assumed to be equal, was 
carried out (Bailey, 1959)" There was found to be no significant 
difference between the numbers of eggs per pot in light and dark 
(P >. 10). There is no evidence therefore that darkness has a direct 
stimulatory effect on egg output on flukes in vitro, 
d) Infection of Brachydanio rerio in tapwater and Cortland saline. 
Twenty eight uninfected B. rerio were each placed in a small 
dish containing ten cercariae of T. patialense. Half the dishes con- 
tained tapwater and half full strength Cortland saline, both at 23. °C. 
The mean percentage infection in saline was 35.7, % (95% confidence 
limits ± 4%),, and in tapwater, 42.1gä (95% confidence limits 2.03%). 
These infection levels were compared using a t-test for 
small samples where the variances are assumed equal (Bailey, 1959). 
The variance ratio of the sets of data was determined and found not 
to be significant (P) . 05). The square roots of the infection data 
were taken to transform the Poisson distributed data to a normal 
distribution. This was necessary because the t-test assumes norm- 
ality. The means of sets of data for water and saline were found 
not to differ significantly (P) . 109 26 degrees of freedom). 
The infectivity of the cercariae of T. patialense is there- 
fore unaltered in half strength Cortland saline under these condit- 
ions. Full strength saline was not used as abnormal behaviour by 
B. rerio ocoured after short periods at this concentration. 
e) Survival of cercariae in saline and to water. 
Approximately ten freshly shed oercariae were placed in 
each of a series of small bowls containing tapwater or Cortland 
saline at 23°C. The mean proportion of ceroariae surviving at a 
series of consecutive points in time was determined in each case. 
From fig. 73 it appears that the decline in the proportion 






The proportion of cercariae surviving at a series of cons- 
ecutive points in time. 
1. The open circles show the observed results for cercariae in 
tapwater. 
2. The solid circles show the observed results for cercariae in 
Cortland saline. 
3. The vertical lines show. the 95°, ö confidence limits. 
Fig. 74 
The proportion of cercariae surviving at a series of consec- 
utive points in time, predicted by a survival model. 
1. The open circles show the observed results for cercariae in 
tapwater. 
2. The solid circles show the observed results for cercariae in 
Cortland saline. 
3. The. solid lines show the curves predicted by the exponential 
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the sets of data for tapwater and saline (table 53) the instantaneous 
death rates were determined at a series of consecutive points in time 
(table 54) using equation 1. 
Least squares linear regressions were then fitted to the 
natural logarithms of these sets of data (fig. 75). For both reg- 
ressions the correlation coefficients were significant (P< . 001). 
The analysis of variance described in chapter G was used to determine 
whether the regressions were significantly different (table 55). The 
slopes were not significantly different (P>. 05) but the intercepts 
were. (P (. 001). Therefore the death rate of cercariae in Cortland 
saline differs significantly from that in tapwater. 
The coefficients a (intercept) and. b (slope) from the reg- 
ressions (table 54) were used to calculate predicted instantaneous 
mortality rates (table 54) using equation 2. The predicted proport- 
ions of parasites surviving at a series of consecutive points in time 




Natural logarithmic transformations of the instantaneous 
death rates of cercariae, at a series of consecutive points in time. 
1. The open circles show the observed death rates for cercariae 
in tapwater and the dashed line is a regression fitted to 
this data with the coefficients: 
a (intercept) _ -3.6020 
b (slope) . 05137 
2. The solid circles show the observed death rates for cercariae 
in saline and the solid line is a regression fitted to this 
data with the coefficients: 
a (intercept) _ -5.6186 
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The organisation of the discussion of the results reported 
in this thesis is as follows, 
aý Are dependent survival and fecundity. 
Age dependent survival and fecundity are discussed in the 
context of growth senescence immunity host size. feeding and, the 
unusual, ectoparasitic niche of T. patialense. 
b) Temperature dependent survival and fecundity. 
Temperature dependent survival and fecundity are discussed 
in the context of changes in the rates of chemical and physical 
processes, and possible ecological implications aro noted. 
c) Density dependent survival and fecundity, 
The density dependent growth, survival and fecundity, of 
T. patialense, on its fish host, are discussed in the context of feed- 
ing and possible host responses to the parasite. Tho importance of 
density dependent processes in the parasites life cycle is noted. 
d) The influence of light on T. patialense. 
The light generated rhythm in egg production of adult 
T. patialense is discussed in the context of other light induced 
rhythms in digenean parasites. 
c) The influence of ionic environment on T. patialense. 
The ionic tolerances of cercarial, and adult, T. patialenae, 
and the transformation of the cercariae to adult flukes and associated 
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changes in ionic tolerance, are compared with those for S. mansoni. 
Attempts to culture adult T. patialense of varying ages In vitro are 
discussed. 
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a) Age dependent survival and fecundity. 
The phenomenon of age dependent survival in parasitic organ- 
isms on, or in, their hosts, has been ascribed to two causes; host 
generated immune responses (Gray, 1972) and senescence (Kennedy, 1974). 
The functioning of the immune systems of mammals has been 
extensively investigated, and immune responses to parasites have been 
clearly demonstrated. For example, Smithers (1962) has shown anti-c 
body production in response to adult S. mansoni by monkeys. Such 
responses may be responsible for processes such as the age dependent 
"self cure" phenomenon, often described in nematode infections. In 
single infections of 5,000 Nippostronyrlus braziliensis in the rat, 
for example, almost all worms were expelled by day 20 post infection 
(Mulligan et al, 1965). Immunological responses associated with 
trematodes can be highly complex, "as demonstrated by ; mithers and 
Terry (1967), whose transplant experiments with Sm Boni suggested 
that the adult worm incorporates specific host antigen to avoid the 
host immune mechanisms. 
Understanding of the immunological systems of fish has 
increased considerably in the past few years, but still la o behind 
those of mammals. The role of hoot responses to parasitic infections 
in fish is still a matter of considerable uneertaint y. 
Lester and Adams (1974) found that populations of the vivi- 
parous monogenean skin parasite Gyrodactylus alexandri increased on 
Gasterosteus aculatus for two weeks followed by a population decline 
in the subsequent two weeks. The fish were then re aotory to further 
infection for three weeks. The decline in population numbers appear- 
ed to be related to an increase in the shedding of a layer of 
"cuticle", mucopolysaccharide material, secreted by the surface epi- 
dermal cells, rather than the glycoprotein mucus secreted by goblet 
cells (Whitear, 1970). 
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A cellular response has been reported to Dactylogyrus 
vastator on the gills of Cyprinus carpio with fish remaining insus- 
ceptible for ä few weeks until the epidermis returned to its former 
state (Paperna, 1974). 
Kennedy and Walker (1969) failed to detect circulatory anti- 
body to the adult cestode Caryoph_yllaeus laticeps in Leuciscus 
leuciscus, despite the age dependent mortality described by Kennedy 
(1968,1969). Harris (1972) suggests that this may be due to the 
less damaging method of attachment of the cestode in comparison with 
the acanthocephalan, Pomphorhynchus laevis. Leuciscus cephalus 
produced precipitating antibody in both the serum and the intestinal 
mucus, in response to natural and experiment infections, and experi- 
mental infections with the acanthocephalan. No apparent manifentat- 
ion of resistance to this parasite was evident however (Harris, 
1972). Similar situations have been noted in mammals, Moss (1971), 
for example, detected Ig At Ig G and Ig E production in response to 
Hymenolepis microctoma in the mouse, yet could find no evidence of 
rejection of the parasite by the mouse. 
Harris (1973a) found that L. leuciscus was able to produce 
precipitating, or agglutinating, antibody to a range of standard 
antigens, but failed to produce akin sensitising antibodies (Barris, 
1973b). Other otu&ies have also failed to demonotrate amphylaxin 
in fish (Dreyer and King, 1948). So that Ig E# often produced in 
mammals with helminth infections, for example, in response to Nip o- 
otron ylus braziliensia infection (Ichizaka, Urban, Takatsu and 
Ishizaka, 1976), is apparently not produced by fish. 
Orr, Hopkins and Charles (1969) found that in the unusual 
host PunSitius pun itiua degenerative changes occurred in the plero- 
cercoid of the cestode Schistocephaluo solidus, The antibody 
located in the mucus of L. cephalus appeared to be of the Ig M type 
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(Harris, 1972) found in the serum, rather than the ICA type found in 
human mucoid secretions. Bradshaw, Clem and Sigel (1971) also found 
only IgM in mucus of Lepisosteus platyrhincus, a freshwater holostean, 
and Fletcher and Grant (1969) again found only 1gM in the intestinal 
and surface mucus of Pleuronectes pla"tessa. Cottrell (1977) found 
precipitating antibodies to the metacercariae of Crrptocotyle lingua 
and Rhipidocotyle iohnstonei which occur in the muscle and connective 
tissue of P. platessa. These antibodies were of the IBM type and in 
the serum. There was no evidence of antibody in the cutaneous mucus 
although its presence here might benefit the host, as entry of the 
cercariae is cutaneous. Even huge infections only produced a minimal 
serum antibody titre and no absolute protection against recurrent 
infections was observed. 
Nigrelli and Breder (1934) and N1grolli (1935) found, 
however, that the monogenean skin paraeito, Epibdella me11ini, surviv- 
ed longer in mucus from susceptible natural host species, than from 
either fish with acquired immunity, or naturally immune elasmobrsnch 
species. 
It should be noted however, that the latter fish might have 
been physiologically r©factory, rather than immun in the conventional 
sense. Some hosts acquired a permanent, or partial resistance to the 
parasites after several exposures to infeotion. 
Cyprinus carpio displayed pout-invasive immunity to the 
ectoparasitic protozoan parasite, Ichthyophthirius ap. (Hines and 
Spira, 1974). These ciliates were found to swim freely in normal 
serum, but were immobilised in immune serum. There was also found 
to be a rise in antibody titre coinciding with the disappearance of 
the parasite. The carp were completely refaotory to ichthyophthir- 
iasis for at least eight months afterwards, but not to othor parasites 
such as Dam loprrus sp. The immune response appeared to act at the 
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level of the mucus, although there was no increase in its production 
and hence, secretory antibody might be involved. This accords with 
the results of Nigrelli, Jakowski and Padnos (1955) for infections of 
the epibiotic protozoans "Epistyli. and Apiostoma sp., and 
Nigrelli and Ruggieri (1966) for Ichthyopthirius marinus, 
Thus, to summarize, there is evidence for the presence of 
I&1 type antibodies in the skin and intestinal mucus of some fish 
species in response to some parasitic organisms. The presence of 
such antibodies may be associated with specific immunity to, and age 
dependent survival of, some of these parasites. There is also some 
evidence for generalised surface responses to parasites, and in partic- 
ular, the "cuticular shedding" of Lester and Adams (1974)" 
In the case of T. patialense no evidence has yet been found 
which indicates the presence of a host-generated immune response. 
The course of age dependent survival on hosts challenged with parasites 
at both high and low levels, showed no change from the original 
infections (Chapter 6). The transplantation of flukes from the 
existing host to. a naive host showed no enhancement of survival 
(Chapter 6) and a trickle infection experiment over a prolonged 
period showed no decrease in either the rate of infection of I3 rerio, 
or in the survival of the adult flukes (Anderson et al, 1977). 
In reinfection experiments there was no evidence to suggest 
a decreased rate of egg production in the challenge infection. These 
results do not preclude the formation of antibodies to T. patialenae, 
which may, or may not, be present in the mucus as well as the sera; 
but if it is present, it must be assumed that it has no detectable 
effect on the survival and fecundity of the parasite under the experi- 
mental conditions used here. Also there was no evidence of 
"cuticular shedding", a response to high levels of infestation by 
Gyrodactylus alexandri on the stickleback (Lester, 1972). 
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The fecundity of the adult flukes also shows age dependence 
(fig. 10). In each surviving fluke, egg production shows a rise 
following patency and then a decline. 
The short developmental period before the commencement of 
egg production, 68-90 hours at 23°C9 may be associated with the un- 
usually well developed reproductive systems present in the cercariae 
of T. patialense. This progenesis includes the presence of motile 
sperm in the seminal vesicles. One part of the reproductive system, 
however, the vitelline glands, are only present in rudimentary form 
in the cercaria. In view of this the development of the vitelline 
glands was examined in detail to see how the time scale of development 
was linked with patency, and to search for a possible correlation 
between the growth in area of the parasite and vitelline glands and 
the rising phase of the rate of egg production per surviving fluke. 
The vitelline glands of many trematoden contain basic prot- 
eins and phenols which are utilised during egg formation. The 
action of the enzyme polyphenol oxidase converts phenols to quinone, 
polyphenol oxidase 
protein+ o- diphenol -' protein + quinono 
The quinone produced forms cross links with the protein chains, prod- 
using the tough, quinone-tanned egg shell (Johri and Smyth, 1955). 
Discrete staining methods depending on either the presenc© 
of polyphenol oxidase, basic protein or quibones have been devised. 
A variety of different methods for the staining of the vitelline 
system of T. patialense have been tested (N. A. Moloney, Zoology Dept. 
King's College, London, personal communication), following techniques 
for stainig trematode vitelline systems (Johri and ; myth, 1955)" 
The diazo technique based on the presence of phenolics was 
found to be most suitable. Several stable diazote stains are avail- 
able, but Fast Scarlet Salt G. G. (Solmedia Ltd. ) was found to give . 
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the most discrete and intense stain more consistently than the Fast 
Red Salt B. B. used by Johri and Smyth (1955). 
The results obtained using this technique show that the 
area of the vitellaria increases over ten times in the first 72 hours 
post infection. In view of this finding, and because of their 
essential role in providing much of the food supply and shell precur- 
sors of the egga, it seems probable that they are indeed an important 
limiting factor in the commencement of egg production. Between 
patency and the first week poet infection, the area of the vitolldria 
increases by a subsequent 500%. The rising phase of egg production 
lasts however, until 2 weeks post infection at 230C, whilst after 
the first week post infection, there is only a small increase in the 
area of the vitelline glands of 250%. Therefore, whilst the period 
of the fastest rise in the rate of egg production is correlated with 
rapid increase in area, the continuing*rise may be explained by an 
increase in the thickness of the glands, or an increase in their out- 
put, or by some other factor. 
Growth in area of adult flukes of T. 
_patialence 
is rather 
limited after the increase of 50% in the first week post infection, 
with a further increase of only 19% up to 2.06 weeks post infection. 
At this point growth in width and area had reached a plateau. 
Although there could have been further growth in thickness, substant- 
ial growth is unlikely due to the apparently tight fit of the adult 
fluke under the hosts scales. Due to the generally limited growth 
of the adult fluke it appears that total size is not correlated with 
the rising phase of egg production and no other organs, apart from 
the vitelline glands, show obvious non-allomotric growth. 
The falling phase in egg production may be associated with 
senescence and some outward manifestations of possible senescence 
have been recorded in T. patialense (Chapter 8 (b)). However, after 
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making allowances for the flukes with these abnormalities, egg produc- 
tion in the remaining, apparently healthy, flukes fell almost as 
sharply. In some cases single old flukes with no obvious abnormal- 
ities failed to produce eggs. In the past some studies have implica- 
ted host immune responses in similar falls in parasite egg production; 
for example, work on S. mansoni infections (Smithery and Terry, 1965; 
Cheever and Powers, 1969), Although no proof has been obtained for the 
operation of auch effects'on T. patialense. 
No information is yet available on differences in fitness 
of eggs produced by flukes of different ages, although the range of 
egg sizes does not vary during the course of infection 
(D. A. P. 
Bundy, Zoology Dept., King's College, London, personal communication). 
The underlying basis of senescence is generally little 
understood for all animal groups, and parasitic organisms are no ex- 
ceptiog. Generally, parasite mortality is ascribed to senescence 
where other causes, principally host generated immune responses, are 
not obviously involved. One plausible theory which would provide a 
mechanistic basis for senescence is that which suggests that aging is 
a consequence of an accumulation of somatic genetic mutationo. 
(Enlen, 
1970). Emlen argues that natural selection favours certain patterns 
of age dependent fecundity and mortality. He concludes that age- 
specific mortality should drop to a minimum prior to earliest repro- 
ductive age, and then rise with age. In some species high larval 
mortality may be a necessary compromise brought about by the physical 
nature of a selected dispersal life form. Age-specific fecundity 
should rise with age to a peak, which may occur at almost any age 
depending on the sort of organism considered, and then fall. Some 
organisms however tend to increase fecundity as a function of body 
weight throughout life, as, for example, occurs in may fish spocies. 
Traits increasing fecundity will be pushed to earlier and earlier 
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ages until stopped by opposing selection forces. For example, if 
survival is threatened, maturation may not have priority for resources. 
Early reproduction results in relaxed selection against mortality 
factors later in life. Certainly T. patialense conforms with these 
theoretical predictions with a high rate of larval mortality followed 
by extremely low mortality prior to patency, followed by a rise with 
age. 
In the phylum Platyhelminthee there is a noCative correlat=- 
ion between fecundity and calorific value with entoparasites at one 
end (high fecundity, low calorific value), and ectocommensurals at 
the other (low fecundity, high calorific value), with eotoparasiteo 
in an intermediate position (Calow and Jennings, 1974). The low 
mean egg output of adult T. patialenso places it between the mean 
values for eotoparasites (mainly monogenean) and eotocommensurale for 
fecundity. It would be intereoting to see if the calorific value of 
T, patialense also fitted this scheme, but to obtain sufficient 
material for calorimetry would require many thousands of adult worms 
and was considered to be impractibable. 
The rationale for thin rela, tionDhip between fecundity and 
calorific value is that the high fecundity of entoparaaitea, and the 
low food storage in the adult parasites, is due to the continuous, 
superabundant and easily obtained food supply and predictable onvir- 
onment, so that environmental limitations on fecundity are released. 
Thus the adult entoparasite can produce and provision eggs without 
risk of over-expenditure (Jennings and Calow, 1975). This is rather 
different from the classical argument that high fecundity in a specif- 
is adaptation to entoparasitism. 
The arguments of Jennings and Calow (1975) may, however, 
overestimate the stability of the entoparaaitio environment by paying 
insufficient regard to the effects of competition and hoot gonorated 
immune responses. For example schiatosomes need a high rate of egg 
_a# 
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production relative to ectoparasites because only a small percentage 
of eggs are passed by the host, and density dependent effects on 
growth and fecundity are well known for entoparasites (Read, 1951; 
Ghazal and Avery, 1974) (Chapter 1 (e)). 
It is certain however, that the fecundity of T. patialense 
is in line with that of organisms occupying a broadly similar dnvir- 
onmental niche, 'rather than that of other adult digeneans. Calow 
(1973) argues that the fecundity of an organism will be controlled to 
the level ensuring survival of a maximal number of progeny to their 
reproductive age within the ecological circumstances in which it 
occurs. It seems likely that there are constraining environmental 
factors which prevent the high fecundity characteristic of entopara-' 
sitic digeneans. 
An obvious possibility is differences in food supply. 
Halton (1967) has investigated the feeding of several species of 
digenetic trematodes. Gut dwelling forms, Oristhioglyphe ranae and 
Diplodiscus aubclavatua, fed predominantly on superficial epithelial 
tissues and associated mucoid seoretions. of their frog hosts. 
Gorgoderina vitelliloba and Gorgodera, cygnoides feed on the bladder 
wall of frogs. Fasciola hepatica fed mainly on blood but also on 
tissues. Haematoloechus medioplexus and Haplometra oylindraoaa, 
lung flukes of frogs, fed exclusively on blood as did Schistosoma 
mansoni. 
The mode of feeding of these parasites is euotorial and 
brought about by the muscular pharynx. In at least one case, 
H. cylindracea, this purely mechanical process is supplemented with 
enzymatic secretions which have a histolytic effect upon host tissue. 
Actual digestion is largely extracellular in all these flukes. Due 
to the unique position of T. Ratialense it is useful to look at the 
feeding of the Monogenea which are almost exclusively fish ectopara- 
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sites. The Polyopisthocotylea are mainly sanduinivorous gill 
parasites and digest blood intracellularly (Halton and Jennings, 1965; 
Lewellyn, 1954)" Parasites belonging to the other sub-order, the 
Monopisthocotylea, occupy a range of habitats including host skin and 
thus are of more interest. Several suggestions have been made that 
they feed on host mucus and possible on epithelial cells (Bychowsky, 
1975). Kearn (1963) investigated feeding in the Monopisthocotylean 
skin parasites Entobdella soleae and Acanthocotyle sp. and found that 
the pharynx was protruded to enclose a circular area of host skin. 
The gland cells in the feeding organ produce a proteolytio secretion 
which digests the host epidermis. The liquid is then pumped up by 
the feeding organ into the intestine. 
The lack of cellular material in the intestine of T. patial- 
erase and the circular hole made in the host epidermis in the position 
of the pharynx provide some evidence for a method of feeding consis- 
tent with that of Monopisthocotylineans, eroding the epidermis 
externally, rather than that of gut dwelling digeneano. 
It is difficult to make a comparison between the nutritive 
value of the food of T. patialenae and other digeneans, but it does 
not seem reasonable that it would, in itself, be sufficient to account 
for the differences in egg production. Certainly at low parasite 
densities there would appear to be an abundant quantity of food for 
adult T. patialense. Although ectoparasitic T. patialon©e has a 
sheltered niche in some ways comparable with that of ondoparasites 
in that it is not directly exposed to the vicissitudes of the extorn- 
al environment, as evidenced by its water sonsitivity (Chapter 10). 
The fact remains however that the total egg output through 
the entire lifespan of T. patialense is less than 1% of the daily egg 
output of a single female S. iaponicum (Moore and Sandground, 1956), 
one of the few entoparasitio organisms for which data exists. The 
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fact that S. ia onicum is bathed in a continually replenished supply of 
food, and that its wastes are instantly removed, may be important, ' 
however, Also, eggs of S. japonicum, released into the external 
environment, may have a lower chance of infecting the intermediate 
host than those of T. patialense, because unlike S. japoniouin, 
T. patialense occupies the same aquatic environment as its intermediate 
host. 
Although each egg of T. patialense is large, the miracidium 
only swims for a few hours (D. A. P. Bundy, Zoology Dopt., King's 
College, London, personal communication), a lifespan of similar mmagni- 
tude to those of many other miracidia (Oliver and Short, 1956). 
Therefore, there is no evidence for the production of fewer, but 
fitter, offspring. Although T. paatialense has an enormous reproduct- 
ive potential in its intermediate host, so have other digenean para- 
sites. 
Perhaps the most likely explanation for low fecundity is 
simply the small size of the adult parasite in comparison with many 
adult digeneans. As discussed previously, growth in the adult para- 
site is limited and may be constrainedby the small size of the para- 
sites microenvironment under the hosts scales, although there is no 
evidence of size increases on hosts with larger scaled. 
There is a tendency for flukes to livo under the scales of 
the mid-lateral rows where the larger scales are found, although it 
is difficult to establish an accurate relationship between parasite 
size and the area available to it under the hosts scales. This is 
due to the wide range of scale sizes on individual hosts and difficulty 
in establishing the proportion of any given scale projecting from the 
hosts body. Strong evidence for the constraining effect of micro- 
environment dimensions on adult T. atialense is provided by the effect 
of host size on survival (Chapter 7). Armstrong (1973) found that 
4 
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scale development in B. rerio is correlated with length, and that fish 
under 11.5mm had no scales. Given the water sensitivity of adult 
T. patialense this explains the almost immediate demise of flukes on 
B. rerio in the 8.0 to 12.0mm length class. Scale developmont prog- 
resses posteriorly and anteriorly along the middle lateral band follow- 
ed by a second row ventral to the first. At 14mm there are 27 scales 
along the lateral band and scale formation is somplete. However, in 
hosts in the 16.1 to 20,20.1 to 24 and 24.1 to 28mm size classes, 
fluke survival increases and a plateau in 50i"o fluke survival time 
appears to exist in hosts over 28mm infected with 14 flukes per host 
(fig-46 ). This change is presumably associated with increasing ,' 
scale sizes providing a fuller protection against the external envir- 
onment. The precise relationship between fluke size and scale size 
is difficulat to ascertain for the reasons discussed previously, and 
is further complicated here, by the increasing size of the hosts over 
the duration of the .: experiment. 
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b) Temperature dependent survival and fecundity. 
Most of the life processes of poikilothermic organisms res- 
pond to changes in experimental temperature. This is a consequence 
of the effects of temperature on the many chemical and physical pro- 
cesses on which they are based. In general, the rates of biological 
processes increase as the experimental temperature increases, up to a 
maximum, and then fall more or less steeply (Precht, iaudien and 
Harsteen, 1973). For example, Davies and Walkey (1966) found that 
0.10 values of respiration in plerooeroids of Sohistocephalus solidus 
decrease as temperature increases up to 300C but above this temperature 
they rise. The Q10 value is the factor by which the velocity of 
enzyme catalysed processes increase per 10°C rise in temperature. 
Q10 values generally decline with increasing temperature (Fracht of 
al, 1973). 
The speed of biological processes ceases to rise with temp- 
erature and begins to fall, due to protein denaturationo, loading to 
a decline in organ and cell functions at high temperatures 
(Preeht of 
al, 1973)" 
This type of general picture in seen in the rate of egg pro- 
duction which rises progressively faster to a higher peak with inereao- 
ing temperature up to a high temperature (32°C) whore there is a fall 
continuing sharply to 350C where egg production ceases. 
The relationship between temperature and survival is rather 
more complex however. Up to 23°C life-span and, hence, the period 
of egg production, increases and above 230C it declines. Only at 
the highest temperatures (32,35°C) is there any evidence of diocon- 
tinuities in the coefficients a and b from the survival model, which 
might be indicative of protein denaturation (figs. 17,1C). 
One possibility is that host immun responses affect para- 
site survival. There is however no evidence for this, and the 
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strength of the host immune response appears to rise with increasing 
temperature (Kennedy, 1971), which would not account for the increas- 
ing life-span with increasing temperature up to 23°C. 
It is more likely that below 23°C the reduction in the rates 
of chemical and physical processes reduces the ability of the flukes 
to resist various causes of death. Possibly the rates of feeding and 
digestion are lowered to the extent that egg production becomes an in- 
creasing strain on food reserves, in addition to the slowing of enzy- 
matic processes concerned with egg production such as the formation 
of vitelline material. At 17°C fending may be too slow to moot both 
the maintenance energy requirement, and the requirements of egg prod- 
uction. 
Above 23°C the initial faster rise and higher peak of egg 
production are followed by a steeper decline in the rate per surviving 
fluke. It is possible therefore, that below tho levels at which pro- 
tein denaturation may occur, the increases in the lifo processes of 
the fluke, such as egg production, may be associated with a tempera- 
ture dependent aging effect. It would be interesting to look at the 
temperature dependent nature of the survival process more closely, by 
altering the temperature during the course of survival experiments, to 
see how far these effects are reversible. Interestingly, Clarke and 
Smith (1961) found a temperature dependent dying effect in malen 
imagos of Drosophila subobscura, which was reversible, but an under- 
lying aging effect which was temperature independent. 
Another area not investigated hors, is that of acclimation 
temperatures. Certainly in many fish species temperature tolerance 
is related to previous experience of environmental temperatures, due 
to physiological adaptations (Brett, 1956). An investigation of the 
survival of cercariae, as well as the survival and fecundity of adult 
parasites, could be carried out with differing previous temperature 
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experiences, by maintaining infected M. tuberculata under differing 
temperature regimes. 
The constant temperature approach here in open to criticism. 
This is because it fails to answer the ecological question of how 
temperature, and particularly temperature fluctuations, explain some 
part of the distribution and abundance of T. patialenae in the wild. 
It does, however, indicate a likely optimum temperature range for the 
species, and indicates possible directly temperature dependent limit- 
ations to its distribution. This, however, is conditional upon the 
strains of T. patialense used not having become acclimatised to 230C. 
This is close to the standard temperature at which most tropical 
aquaria are maintained, including those from which the infected stook 
were obtained. It is also conditional on the wild strains of this 
widely distributed species all having the same temperature optimum. 
It is clear, however, that the role of temperature is 
important in the biology of T. patialonae, though there is a need for 
experimental studies to be validated by field studios in the natural 
environment of the species. Certainly in tomporate regions largo 
seasonal fluctuations in abundance of fish parasites have been report- 
ed (Anderson, 1974; Kennedy, 1971), duo to either direct offooto of 
temperature, or to temperature dependent hoot immune responses. 
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c) Density dependent survival and fecundity, 
The survival and fecundity of adult T. atialense exhibit 
density dependence (Chapter 5). Survival is reduced where the 
initial parasite density exceeds 30 flukes per host (figs. 25,26). 
The rate of egg production per surviving fluke shows a slight fall at 
the 30 fluke per host level, when compared with that of lower densit- 
ies, but falls sharply at higher initial infection levels (figs. 33, 
34)" The growth of the parasite also shows density dependence; with 
mean parasite width at two weeks post infection, at an initial density 
of 124 flukes per host, being significantly smaller than at initial 
infection levels of 14 and 30 flukes per host (fig. 50). 
One cause of such density dependent effects could be a non- 
linear increase in host generated immune responses to increasing para- 
site density. Jarrett, Jarrett and Urquhart (1968) found that Nipo- 
strongylus brazilienses only provoked an immune expulsion mechanism 
when at least 200-250 worms were present. There is however no evi- 
dence that host immune responses, whether present or not, have any 
role at all in the survival of adult T. patialense, let alone a non- 
linear role. Even at the , highest infection levels studied, a 
challenge infection utilising an identical number of corcariae showed 
no decrease in parasite survival, and no significant decroaao in the 
initial establishment of flukes over the primary infections. 
The density dependent growth of the parasites could be a 
cause of reduced survival and fecundity at high initial parasite 
density levels. In the absence of apparent immune effeoto, the most 
obvious mechanism producing this "stunting", is some form of intra- 
specific competition. 
Each fish host in the 28-32mm size class has in excess of 
400 scales, some of which may provide a better microenvironment for 
the adult parasite than others. Certainly there is a considerable 
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range in the sizexof scales on each host, and possibly at high densit- 
ies, more flukes are forced to occupy the poorer environments. Also 
it is obvious that the microenvironment of some scale, recesses is 
likely to be disturbed by the flexion of the fishes body during swimm- 
ing, particularly those of the tail. Such disturbances could lead to 
ionic disturbances or the dislodgement of the parasite. Another poss- 
ible cause of dislodgement is the increase in fluke-fluke contacts 
with increasing density. Due to the photonegative response of the 
flukes in response to the microscope light during examination of 
flukes on anaesthetised hosts, it is difficult to assess the extent 
of natural scale to scale movements by adult flukes, although they 
certainly occur. An initial reason for these movements may, in faut, 
be to seek fluke to fluke contacts for cross-fertilisation, which from 
the reproductive anatomy of T. patialense appears likely to occur. 
Single fluke infections showed however, that lack of cross-fertilis- 
ation has no obvious effect on egg production. The other likely 
cause of scale-scale migrations is to move to new feeding sites, which, 
judging from the density dependent growth, might be in short supply 
at high parasite densities. Fish epidermis, however, does heal and 
regenerate rapidly following superficial damage. The epidermal cells 
round the margin of the wound secrete mucus and there is an invasion 
by lymphocytes followed by a migration of epidermal cells which close 
the wound within 24 hours (Dosten, 1957)- 
A feature of density dependent survival in T. patialense is 
that even after the population has fallen to a level where no density 
dependent mortality would normally occur, i. e, below that of the 30 
fluke per host infections at an equivalent time post infection, an 
increased death rate is still observed. This indicates that the 
experiences-of T. patialense during early growth have an important 
effect subsequently. 
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Fig. 32 shows, however, that after two weeks post infection 
in the 145 flukes per host class, and four weeks in the 72.4 flukes 
per host class, the proportion of weekly mortalities attributable to 
density dependent factors, steadily decreases and the proportion 
attributable to age dependent factors, increases. By the final two 
or three weeks of the infection no influence of density dependent 
factors can be detected. 
Following density dependent reductions in egg production in 
the 145 parasites per host class, there is a rice in the rate of egg 
production per surviving fluke, until egg production equals that of 
the 14 fluke per host class by five weeks post infection. So whilst 
the effects of density dependence at very high initial parasite dens- 
ities reduce the population per host below that of populations unaf- 
fected by density dependent effects, there is an apparent recovery in 
fecundity. In the late stages of the infection the effects of density 
dependence are either swamped by the increasing age dependent mortal- 
ity, or have been lifted. Due to this reduction in density depen- 
dence, the maximum duration of heavy infections is only reduced by one 
or two weeks, compared with the lower levels. 
If the density dependence is due to intra-specific effects 
amongst the parasites, these obviously affect the flukes in a way that 
reduces their survival over a prolonged period after the removal of 
these effects. This points to some deleterious consequence of density 
dependent growth, rather than physical dislodgement of the flukes as 
the underlying mechanism for density dependent growth and fecundity. 
An alternative hypothesis to explain density dependence, is 
that there may be a non-immune host response which operates on 
T. patialense in a manner which increases in a non-linear fashion with 
increasing parasite density. Such a response would have to continue 
to operate for a period after parasite numbers had beon reduced to 
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levels where this response would not normally be provoked. Such a 
response would presumably involve host surface changes, such as in- 
creased mucus production, or the "cuticular shedding" observed by 
Lester and Adams (1974). The former is hard to investigate in a 
quantitative manner, but does appear to occur to a limited extent, 
possibly in connection with epidermal damage by the parasite. On a 
very limited number of occasions, small surface haemorrhages were 
observed on heavily infected hosts, although these soon healed, No 
"cuticular shedding" was ever observed. 
The presence of parasites under scales causes them to be 
I 
raised slightly above the fishes surface. In some heavily infected 
fish the scales did appear to be raised further away from the fishes 
surface than on normal infected fish. This effect, which proved 
impossible to quantify, may have been simply due to the presence, and 
movements, of so many flukes, or it may have been some type of host 
response caused by the feeding damage of the parasite to the hosts 
epidermis. This raising of the hosts scales may have increased the 
chance of dislodgement of the parasites, and increased the degree of 
harmful contact of the parasites with the external environment. 
There is evidence that T. patialense can damage its host more 
seriously, as on a small number of occasions, host mortality occurred 
within an hour of heavy infections (Dr. P. H. Whitfield, Zoology 
Dept., King's College, London). It is difficult to postulate a 
mechanism for this rapid lethality, apart from some sort of osmotic 
shook, possibly caused by the commencement of feeding of the parasites. 
It is not known definitely, however, how soon after attachment feed- 
ing commences. No host mortality was observed amongst the heavily 
infected hosts from any cause at any time during the experiments 
described in Chapter 5. 
It is interesting to note that despite the effects of both 
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density dependent survival and fecundity, reducing average total egg 
output per fluke during the course of infection, the increasing 
number of flukes compensates for this up to high initial density 
levels. Thus, the highest cumulative egg output per host during 
the course of an infection occurs in the 72.4 fluke per host class. 
At the highest initial parasite densities however, total cumulative 
egg production per host is reduced below this level. This accords 
with the results for hymnolepid infections (Nesselberg and Andresson, 
1975; Ghazal and Avery, 1974), rather than those for the nematode 
Ostertagi ostertagi where faecal egg counts ran a stereotyped course 
which bore little relation to parasite numbers except at very low 
parasite densities, implying an upper limit to egg production imposed 
by the parasite populations environment. 
Anderson et al (1977) argue that density dependent processes 
must be present to regulate population growth in complex parasite life 
cycles, as in other life cycles, because the complexity of the life 
cycles per se does not necessarily confer stability on the system. 
These authors also note that the numerous distinct parasite and host 
populations present in digenean life cycles, lead to the presence of 
large numbers of rate parameters which create many opportunities for 
density dependent processes to operate. 
It is clear that survival and fecundity of adult T. patialense 
on B. rerio are examples of such processes. There is also evidence 
for parasite induced host mortalities. The existence of more density 
dependent processes in the life-cyole is likely. Firstly, multiple 
miracidial infections are unlikely to be associated with concomitant 
increases in cercarial output by M. tuberculata. This is because the 
multiplication of the parasite, in its intermediate hoot should enable 
even a single miracidial infection to fully exploit the food resourc- 
es available in the snail. Secondly, the survival and reproduction 
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of H. tuberculata may be affected adversely by infection with T. patia-- 
lense, due to the demands made on the host by cercarial production. 
Thirdly, the predatory activity of the fish host on the cercariae of 
T. patialense is important, due to its influence on the cercarial dens- 
ity and, hence, the rate of infection. Preliminary observations on 
B. rerio feeding on cercariae suggest that it exhibits a type three 
functional response (Hailing, 1965). This in typical of relatively 
sophisticated predators, with the fish spending an increasing propor- 
tion of its time feeding on the prey as its density increases, up to 
an upper asymptote. This results in a sigmoid response curve 
(Anderson et al, 1977). Such responses are capable of stabilising 
interactions between predator and prey populations (Hassell et al, 
1976b)* 
It is to be hoped-that further experimental studies on 
aspects of the life cycle of T, patialense will provide insights into 
the dynamical properties of complex host-helminth parasite interact- 
ions. 
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d) The influence of light on T. patialense. 
Light can play an important role in digenean life cycles 
by both directly affecting occellate free living stages, and directly 
affecting the parasitic stages on, or within, their hosts. 
There are, for example, a number of accounts of diurnal 
emergence rhythms of cercariae. Asch (1972) found that emergence of 
the cercariae of Schistosoma mansoni from the snail Biomphalaria 
glabrata was light induced. This was due to the effect of light 
itself, rather than changes in temperature within the snail. It was 
proposed that the cercariae were responding to light induced host 
rhythms. Olivier (1951) showed that cercariao of Schistosomatium 
douthitti emerged mainly in the dark, and that by keeping the snail 
hosts in the dark during normal daylight hours this pattern can be 
reversed. Anderson, Nowosielski and Croll (1976) found that the 
emergence of Trichobilharzia ocellata from Lymnaea sts. pnalis from 
snails acclimatised to 12 hours light, 12 hours dark periodicity, 
showed a marked diel pattern. This pattern was reversed when the 
light-dark regime was reversed. It proposed that this emergence 
pattern is governed by light influenced activity patterns in the snail. 
These rhythms are of biological significance in ensuring 
the presence of free living cercariae at times of maximal definitive 
host contact with, or activity in, their aquatic environment. 
A similar light generated circadian rhythm is present in 
the egg production of T. patialense. Diurnal rhythms in egg product- 
ion have also been recorded in Schietosoma en.. McMahon (1976), for 
example, found a circadian rhythm in the excretion of the eggs of 
Schistosocna haematobium. Peak egg production occurred in the late 
morning and early afternoon, with a partial reversal in the rhythm 
in night shift workers. It is suggested that the rhythm is related 
to the light generated activity patterns of the human host. The 
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mode of action may be through chemical or physical stimuli triggering 
enzyme release by the fully developed miracidia in the eggs. This 
would result in the extrusion of the ova nearest the bladder wall. 
There is little chance of an actual rhythm in oviposition 
however, as it takes about six days for eggs to migrate to the bladder 
of the host. The biological significance of the rhythm is that the 
release of the eggs at a time when host contact with the water is 
greatest, will increase the likelihood of the miracidia infecting the 
aquatic intermediate host. 
It was found that all egg production in adult T. patialense 
removed from the fish host ceased after ten hours post removal (table 
52). There was no significant difference between the number of eggs 
produced in light and darkness. However, the short period for which 
egg production could be maintained in vitro allows little weight to 
be attached to these results. Only if egg production could be main- 
tained for, say, 48 hours, could the presence, or absence, of an in- 
herent light rhythm in egg production be established. If such an 
inherent rhythm were present, the occollato adult fluke would be re- 
acting directly to light. The adult fluke can certainly respond 
directly to light, moving away from the light of the microscope whilst 
the anaesthetised host is under examination. 
In the light of the previously quoted examples it is perhaps 
more likely that the rhythm of egg release from the infected host 
carrying T. patialense is linked to diurnal host activity rhythms. 
Nothing is known about such rhythms in B. rerio however. 
The marked rhythm in egg production (fig. 58) in T. patialonse 
appears to be generated by the actual rate of egg formation by the 
flukes. 
No temporarily varying accumulation of eggs was observed in 
the flukes or under the hosts scales. It is not easy to sug est what 
34ý 
biological significance the release of the eggs during darkness might 
have. A substantial developmental period is needed before the mira- 
cilia are fully developed and hatch (Sim, 1972). It is possible that 
upon release from beneath the hosts scales the eggs are vulnerable to 
predation whilst they sink to the bottom. Certainly eggs are found, 
on occasion, embedded in the faeces of their fish hosts and have 
almost certainly been eaten by them. 
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e) Influence of ionic environment on T. patialense. 
The cercariae of T. patialense survive significantly better 
in full strength Cortland saline than in tapwater (fig. 75), whilst 
in 50'/ Cortland saline, infection was not significantly different from 
that in tapwater (full strength Cortland saline has an ionic concent- 
ration 25% sea water). These results are not surprising when seen 
in the biological context of the environmental range of T. patialense. 
This host species is found in fresh water tanks, lakes, canals and 
streams as well as brackish water and mud flats. The snail has a 
salinity tolerance of up to 40% sea water (Axiantaraman, 1972). Also 
other members of the genus Transversotrema have marine and brackish 
water hosts (Velasquez, 1958; 1961; Manter, 1965). 
A similar situation exists for the cercariae of 5. manaoni, 
with survival being enhanced in . 01-. 03 M NaCl solution and . 01 M' 
Tris- H Cl buffer (Asch, 1975). Chernin and Bower (1971) found that 
cercariae and miracidia of S. mansoni could survive, and remain infect- 
ive, in 25% sea water even though a common intermediate host, Biomph- 
alaria glabrata is rather intolerant to salinity. It seems possible 
that many cercariae can survive in a range of ionic conditions as 
Stunkard and Shaw (1931) found that a wide range of cercariae main- 
tained normal activity for considerable periods of time in solutions 
containg 121% and 25% sea water. A possible explanation for the 
enhanced survival noted for S. mansoni and T. ratialense is that less 
energy is required to maintain the internal ionic constitution of the 
cercariae when there is a smaller osmotic gradient between the oereariae 
and the aqueous environment. Such considerations may be of groat 
importance in governing the longevity of cercariae due to their finite 
energy reserves. 
If the cercariae of T. patialense successfully infects 
B. rerio, a change takes place in the first five minutes post infection 
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with the young adult flukes becoming extremely water sensitive 
(fig. 
63). The change is almost completed in this short period immediate- 
ly post infection with only a slight further increase in water sensit- 
ivity at three, and eleven, days post infection. 
This process bears similarities to the transformation of 
S. mansoni cercariae to schistosomula. In S. mansoni there is an in- 
crease in water sensitivity associated with an increase in permeabil- 
ity within minutes of tail loss (Howells, Remalho-Pinto, Gazzinelli, 
de Olivera, Pigueiredo and Pellegrino, 1974; mho-Pinto, Gazzinelli, 
Howells and Pellegrino, 1975)" 
The transformation of the cercariae of T. patialenoe to the 
adult fluke appears to a simple process of tail loss. In S, manoni 
the process if rather more complex. Proteolytic secretions are re- 
leased from the acetabular glands (Howelle et alp 1974) and the fib- 
rillar glycoclyx, or surface coat, is shod by the cercariao 
(Ramalho- 
Pinto et al, 1975). The apparent lack of these processes in 
T. patialense is probably associated with the eotoparasitio micro- 
envirorunent of the adult fluke. This obviates the necessity for 
penetration glands, and the need to expose receptor cites for binding 
host antigen (Howells et all 1974) to prevent destruotion by host 
immune responses during migration. 
The actual mechanism of tail loso in S, _, mansoni 
appoara to 
be a simple mechanical trauma, effected by the movement of the oerc- 
arial tail acting against the resistance of the immobile body 
(Howells 
et al, 1974). On the evidence of the rapid beating of the tail of 
T. patialense cercariae immediately prior to tail lose (Whitfield, 
Anderson and Moloney, 1975) the same is probably true for this species. 
One possibility, therefore, is that the rapid increase in water sens- 
itivity, in both cases, may be due to the lesion resulting from tail 
loss. However, this lesion quickly heals in 5_, mansoni, whilst the 
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water sensitivity is not reversed, and it is suggested that subsequent 
increases in water sensitivity are correlated with body surface chan6- 
es (Howells, Gerken, Ramalho-Pinto, Kawazoe, Gazzinelli and Pellegrino, 
1975) and the loss of the surface "coat" (Howells et all 1974). 
Despite the apparent lack of coat loss in adult T. patialense 
it is interesting that, like the adult entoparasite S. mansoni, they 
are water sensitive. This suggests that despite the ectoparasitie 
niche of adult T. patialense, the ionic status of the microenvironment 
may be closer to that of host body fluids, than to that of the extern- 
al medium of its freshwater definitive hosts, which is rapidly fatal. 
Figs. 60 and 61 do show, however, that adult flukes survive as well 
in Frog ringer solution as in the Cortland saline which has boon used 
in the culture of fish cell lines (Wolf, 1963). Survival is almost 
as good in 50% Cortland saline as in the full strength solution, 
although survival in 10% Cortland solution is poor. Thus, although 
a relatively high ionic concentration appears necessary for prolonged 
survival, it need not exactly correspond with that of the hosts body 
fluids. Nevertheless, this ionic requirement helps to explain the 
apparent ectoparasitic niche of T. patialense in the context of a 
taxon of parasites almost all of which are eetoparasitio. Other 
digeneans do indeed form metacercarial cysts on the surface of fish, 
and it is possible that in evolutionary time some ancestor of the 
transversotrematids found the ionic conditions under the scales of a 
freshwater, or marine, host, suitable for further development result- 
ing in the loss of the previous definitive host from the life cyolo 
of the ancestral transversotrematid. 
The survival of adult flukes may be limited in vitro by the exhaust- 
ion of food reserves. This has been suggested as a cause of the 
markedly age dependent survival of the cercariae of T. patialense, 
with a progressive decrease in the glycogen reserves in the tail 
A 
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(Whitfield et all 1975). The survival curves for the cercariae and 
adults removed from the host five minutes post infection and maintain- 
ed in Cortland saline, are, in fact, 'extremely similar. It would be 
interesting to compare the survival curves of such adults obtained 
from cercariae of differing ages, rather than just the recently shed 
ones utilised in the experiment. Such experiments would determine 
whether food reserves in the cercarial body, as well as the tail, have 
run down during swimming. Flukes removed from the host three and 
eleven days post infection survived in vitro significantly longer than 
the young adult flukes (fig.. 65); which could be explained on the 
basis of larger food reserves in the former worms. Survival of adult 
flukes in vitro in non-sterile conditions was not significantly groat- 
er than in non-sterile conditions (figs. 66,67,70,71), eliminating 
bacterial, or fungal, attack as a cause of mortality. Thus it would 
appear that more sophisticated techniques, possibly involving the use 
of biphasic media enabling feeding to take place, would be necessary 
for more prolonged culturing and the maintenance of egg production 
in vitro. 
Ramalho-Pinto, Gazzinelli, Howells, Iota-Santos, Pigueiredo 
and Pellegrino (1974) and Colley and Wikel (1974) describe methods for 
the production of schistosomules in vitro by mechanical removal of the 
cercarial tail, and a modified version of the Ramalho-Pinto method was 
used to decaudate cercariae of T. patialense. The achiotosomulen pro- 
duced using this technique appear to more closely mimic naturally pro- 
duced schistosomules than schistosomulec produced by incubation of 
cercariae in rat serum (Brink, Malaren and Smithers, 1977), and pro- 
duce viable adult worms. Mechanically produced schistosomules also 
showed development of water sensitivity (Ramalho-Pinto et al, 1974). 
However, with T. patialense, the mechanically decaudated cercariae did 
not become water sensitive (figs. 68,69,72). If, as already 
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suggested, tail loss in vitro, is also a simple mechanical process, 
this is evidence for some other change, possibly in the parasite sur- 
face, brought about presumably by contact with the host surface, which 
requires further investigation. Certainly in the case of S. man3oni, 
permeability changes resulting from the tail-loss lesion are only 
partially responsible forthe water sensitivity, and here there are 
well documented surface changes (Howells et al, 1975,1974). 
It was not possible to determine whether these mechanically 
produced "adults" were viable on the definitive host. This was 
because they proved harder to manipulate than adult flukes removed 
from fish hosts, because it was hard to attach them to the miorohook. 
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APPENDIX 1. 
Distribution of the Tranoversotrematidae. 
Members of the genus Transversotrema are found in fishes of 
fresh, brackish and sea water. The intermediate hosts of T. haaai 
and T. licinum are not known, though the definitive hosts werd both 
marine fish, as is the definitive host of the only known member of 
the genus Prototraneversotrema. All other records of both intormed- 
iate and definitive hosts for the genus were from fresh water. A 
full list of both the definitive and intermediate hosts the Tranover- 
sotrematidae is given in table 56. 
The range of M. tuberculata extends from fresh water tanka, 
lakes, canals, streams and creeks of rivers to brackish water and mud 
flats. Its tolerance to salinity extends up to 40% of full strength 
sea water (Anantaraman, 1972) so it is possible that come of the nat- 
ural definitive hosts of T. patialense could be euryhaline, or brack- 
ish water, fish. 
The family Tranovereotrematidae ha© a very wide diatribu- 
tion, encompassing Africa, India, South East Asia, Australia and they 
Pacific Ocean. All . tho intermediate ho2to known for T. patjalonae 
are in the genus Melanoides, there being four records from India in 
M. tuberculata, and one from M. ecabra. The nole African report in 
from M. anomala. Judging from the wide range of M, tuberculata, 
T. patialense may have a far wider distribution than ourrontly 
recorded. 
The possibility also exieta that coma of the other epeoioa 
reported, particularly from M. tuberculata, may be synonymous with 
T. patialense. Certainly the size of the adult or cerearia is not a 
reliable feature on which to base claecification, as the methods of 
fixation are rarely reported in the literature and no statistical 




The geographical distribution of the Transversotrematidae. 
1. The solid circles denote Transversotrematids with rielanoides 
tuberculata as an intermediate host. 
2. The stars surrounded by open circles denote Transversotrematids 
without M. tuberculata as an intermediate host. 
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AN EXPERIMENTALýSTUDY OF THE POPULATION 
DYNAMICS OF AN ECTOPARASITIC DIGENEAN, 
TRANS VERSOTREMA PATIALEKSE: 
THE CERCARIAL AND ADULT, STAGES 
By R. M. ANDERSON, P. J. WIIITFIELD AND C. A. MILLS 
Department of Zoology, University of. London King's, College, London JVC2R 2LS 
INTRODUCTION 
At present very little is known about the biological and physical processes which in- 
fluence and control the dynamics of helminth_ parasite populations. This gap in the 
ecological literature is partly due to the complexity of many parasite life cycles which 
may involve more than one species of host and many distinct parasite populations. The 
numerous population variables and rate pärärneters involved in host-parasite interactions 
not only create difficulties in field and experimental work, but also hinder theoretical 
studies of a mathematical nature aimed at gaining insights into the dynamical properties 
11 of such systems. Further problems are raised by the intimacy of the relationship between 
host and parasite, which makes observation and measurement difficult, particularly in 
the case of endopar4sitic organisms. 
The work reported in this present paper concerns some preliminary results from an 
experimental investigation of the, population . 
dynamics of an ectoparasitic digencan, 
Transversotrema patialense (Soparkar 1924), under laboratory conditions of constant 
temperature and dark-light regimes. The general aim of the overall study of this parasitic 
species, is to elucidate the functional forms of the many population rate parameters, such 
as birth, death and infection rates which control the dynamics of a complex hclminth 
parasite life cycle. Attention is initially focused on populations of two particular develop- 
mental stages in the parasite life cycle, a free-living infective larva, the ccrcaria, and the 
adult 'parasite which is ectoparasitic on the surface of tropical freshwater fish species. 
} 
LIFE CYCLE 
The family Transversotrcmatidae is a taxo'n of digencans with cctoparasitie adults. 
Qualitative descriptions of certain aspects of the life cycles of these parasites have been 
made by Velasquez (1961), Crusz, Ratnayake & Sathananthan (1964) and Rao & 
Ganapati (1967). Two hosts are involved, a fish and a melanid gastropod. Within the 
latter, 'rediae of the digenean give rise to bioccllate, furcocercous cercariae. When released 
from the snail these cercariae swim and directly infect a fish by attaching themselves to 
its outer surface (Whitfield,, Anderson & Moloney 1975). Attached cercariae develop 
into adults that inhabit the recesses under the scales of the fish host. 1Tere they produce 
large, 'tanned eggs that are shed into` the aquatic habitat of the fish. A small ciliated 
miracidiuni develops within the egg and eventually hatches and adopts a free-swimming 
mode of life This larval stage penetrates the snail intermediate host and initiates multi- 
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Transversolrema palialense is highly host specific in its larval stages, development 
probably only occurring in the melanid gastropod, ' MMelanoldes tuberculata (Moller). 
In contrast; the cercarial stage is capable of infecting and successfully developing to the 
adult stage on a variety of fish species (Whitfield & Wells 1973). This lack of host specif- 
icity can be demonstrated under laboratory conditions but has also been noted in natural 
populations of, the parasite in Malaysia (personal communication, Dr C. Betterton, 
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FiG. 1. Diagrammatic flow chart of the population processes Involved in the life cycle of a 
typical transvcrsotrcmatid. 
University of Malaysia, Penang, Malaysia). In the experimental work reported in this 
paper, adult flukes were niaintiined solely` on the Zebra Danio (Brach)ydanlo rerlo 
Hamilton-Buchanan). 
The gross features of the population dynamics of the life cycle of Transversvtrcma 
patialense, are illustrated in a flow chart (Fig. 1). This type of representation demonstrates 
the various population processes responsible for controlling the flow of parasites through 
MIRACIDIUM POPULATION 
Emil; si on 
Immigration 





." Eirah & t. rnru. 
ImmIR/. lion 
CERCARIA POPULATION 
" -tmlýruwn ' Y: 
388 
R. M. ANDERSON et al. 557 
the life cycle, and emphasizes the complexity of such a system. The processes controlling 
the population dynamics of the intermediate and final hosts'are not included in Fig. 1. 
The biology and life cycle of. T. patialense manifest a series of favourable features 
. -which make this helminth peculiarly suitable 
for laboratory based studies of population 
biology (Anderson & Whitfield-1975; Whitfield, Anderson & Bundy 1977). Its ecto- 
parasitic microhabitat (in the recesses beneath the fish scales) makes parasite population 
estimates, which are*not host destructive, a practical proposition. Further, the self- 
sustaining nature of the life cycle in laboratory conditions enables realistic simulations 
of natural infection processes tobe achieved in an experimental situation. 
MATERIALSAND METHODS 
Parasitic maintenance 
Infections of Transversotrema patialense in their snail host Jt! elanoldes tuberculata, 
and on their final host Brachydanlo rerlo, were maintained in the laboratory using the 
techniques and conditions which have been described previously (Anderson & Whitfield 
1975). Maintenance of the infections and all population experiments were carried out in 
the temperature range 23-25° C. This range approximately corresponds with the ambient 
May temperature of an aquatic habitat in Penang, Malaysia, known to contain a natural 
population of Transversotrema patialense (Dr C. Iletterton, personal communication). 
ZCercarlalproductlon 
Eight randomly infected specimens of Melanoldes tuberculata in the weight class 
150-360 mg were individually assessed for; their, cercarial production over thirtyfivc 
days. Snails were maintained in a 12 : 12 h, dark: light regime at 24° C in separate 30 ml 
capacity bowls and daily fed an excess of dried boiled lettuce leaf and a proprietary fish 
food. The cercarial production of each snail was counted directly each 24 h after the 
larvae had been immobilized by formaldehyde fixation.. 
The effect of snail starvation on cercarial production 
r Four randomly infected specimens of M. tuberculata were kept in individual bowls 
as described in the section above. After fourteen days of normal feeding, all feeding was 
stopped for eleven weeks and then resumed. Throughout this altered dietary regime, 
individual daily counts of cercarial production were made. 
Cercarial survival 
Separate batches of freshly shed cercariae were aged for varying periods of up to 48 h 
in 500 ml dishes of tapwater at 24°-C in diffuse light of 150 lux intensity. At the end of 
each aging period percentage survival was directly assessed. A dead cercaria was defined 
as one which displayed no spontaneous movement and from which no movement could 
be elicited by three light contacts with a stainless steel needle. 
Cercarial infectivity: effect of aging 
Uninfected specimens of 13rachydanio rerio in the length class 20.30 mm were used to 
assess the effect of cercarial age on infectivity. Batches of ten freshly shed cercariae were 
aged for periods between 0.25 and 24 hin 10 ml of tapwatcr at 24° C with diffuse lighting 
of, 150 lux intensity. For each aging period five such batches were placed, each with a 
single fish, in 30 ml of tapwatcr in the same conditions for 30 min. At the end of this 
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infection period, the replicate fish were removed and the numbers of parasites attached 
to them counted directly while the fish were maintained under anaesthesia in an MS. 222 
(Sandoz) solution (1: 10 000 w/v in tapwater). 
Cercarial infectivity: effect of density 
Densities of from 5-200 freshly shed cercariae/500 ml tapwater were used to assess 
the effect of cercarial density on infectivity. Single uninfected specimens of D. redo 
in the size class 20=30 mm were added to such'. 500 ml volumes at 24° C in 150 lux diffuse 
lighting for 2 h. At the'end of this period the fish were removed and the number of 
parasites attached to each fish assessed directly as'described above. For each density at 
least three replicates were assessed. °ý ° "` ' 
Cercarlal infectivity; the nature of the Infection process 
To assess the distribution of infection levels in repeated replicate infections, 122 such 
infections were carried 'out with fish in the 20--30 mmlength class, In each infection, 
each fish' was" exposed'for°30'min' tö'ßve freshly, shed'cercariae of Transversotrema 
patialense. The exposures were carried out in separate dishes 'of 30 ml of tapwater at 
25° C in diffuse light of 150 lux intensity: After`exposure, 'the number of parasites that 
had attached were counted as dcscribcd above. 
Adult survival 
Eight uninfected specimens of Brachydanlo rerio in the length class 28-32 ntm were 
exposed to approximately thirty-five freshly shed cercariae for 2 h. Such an infection 
procedure usually produced infections of between 14-18 juvenile worms per fish. These 
'infections were counted directly, after anaesthetizing the fish, within 24 h of the termina- 
tion of cercarial exposure, and worms in excess of a total of fourteen were removed by 
use of a stainless steel microhook. - Fish infected in this manner were maintained in- 
dividually in I litre capacity tanks filled with tapwater at 23° C and subjected to aeration 
for 12 h/day and a 12: 12 h, dark/light regime. The fish were fed daily on proprietary fish 
food. At least four times in each successive seven day period, the adult worm population 
was counted on each of the eight replicate fish while under anaesthesia. Counts were 
continued on each fish until three consecutive counts indicated no worms were present. 
Immigration death experiment 
Ten uninfected specimens of B. rerio in the length class 20-30 ntm were subjected to 
consecutive weekly infections with freshly shed Transversotrema patiatense, cercariae for 
a total of nineteen weeks. The individually fin-clipped fish were maintained together in a 
13 1 tank, with constant aeration and normal daily feeding. Each week each fish was 
individually exposed for 30' min to five cercariae. The exposures were carried out in 
dishes containing 30 ml of tapwater at 25° C in diffuse light of 150 lux intensity. The 
adult parasite population size on each fish was monitored under anaesthesia before and 
after each weekly infection. These pre- and post- infection counts enabled both the total 
parasite population on each fish and the number of new individuals that had entered the 
adult population at each infection to be continually assessed. Between the pre-infection 
count and the infection itself, fish were allowed to recover from their anaesthesia for Ih 
in fresh tapwater at 25° C containing an excess of proprietary fish food. This food pre- 
sentation constituted an attempt to satiate the fish to produce a relatively low and con- 
stant rate of cercarial predation by the fish (see Anderson & Whitfield 1975). 
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ý:,.: a RESULTS 
Dynamics of the Jree-living cercarlal population 
The size of the free-living cercarial population, a larval stage which does not reproduce, 
is simply controlled by: two, population processes, the immigration and death rates. 
Immigration is determined by the number of infected snails in the intermediate host 
population and the rate at which they release cercariae into the aquatic habitat. The death 
rate. is a more complex process since it consists of three distinct components; natural 
mortalities, the rate at which larval parasites infect the final host to become adult parasites 
(emigration) and the rate of predation of the larvae by' the fish host and other predators. 
This latter component is of considerable biological interest, the free-living cercarial stage 
being an attractive food source for small cyprinid fish. The rate of infection of the final 
host is thus highly dependent on the predator-prey interaction. between definitive host and 
parasite. 
The basic features of the dynamics of the cercarial population can be described by an 
immigration-death process. For simplicity, if it is initially assumed that the immigration 
rate A is constant and independent of larval population size, and the death rate 14 is 
also constant and simply proportional to the number of cercariac, then the following 
differential equation describes the rate of change in C the number of cercariae at time t. 
dcI' /l C,. (1) 
If there are; C0 larvae in the habitat at time t-0, equation (1) has the solution 
'C1 
.. 
=ý [1-exp(-pt)]+Ceexp(-ilt), (2) 
This model predicts growth to an equilibrium population size G` r Alp a state which is 
globally" stable. In reality the immigration and death rates may not be constants but 
functions of other variables such as the time-dependent age and size structure of the 
infected snail 'population, the age of the larvae, or physical parameters such as water 
temperature. The simple model described above. however. provides a framework for the 
incorporation of more realistic biological assumptions. The expansion of this framework 
can best be considered in the light of a detailed knowledge of the immigration and death 
rates of the cercarial population. 
Immigration 
The rate of cercarial production by an individual snail will be dependent on a number 
of biological and physical parameters which can be considered as falling into three 
broad categories. The first of which concerns host mediated factors such as the size of the 
snail. (Raisyte 1968; Wright 1971), its"nutritional status (Kendall 1949; Coles 1973) 
and host reaction against parasitic infection such as encapsulation (Pan 1965). The 
second' category includes ' parasite mediated factors such as the number, of miracidia 
which successfully infect a snail, the age of the infection and the rate of asexual reproduc- 
tion (Wilson-t& Draskau 1976). "The final group consists of physical environmental factors 
such as' temperature, plf of the habitat and the nature of daylight patterns (Rees 1948; 
Campbell 1973; Nice & Wilson 1974). All three categories are to some extent Interrelated 
since, for example, 'environmental variat? les will influence the nutritional status of a 
4 a,. '- y"' 'i't 
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mollusc: In, laboratory investigations of the population biology of a digencan parasite, 
in which physical variables such as temperature and day-night regimes arc constant, the 
first two categories are of major importance. 
Due to technical problems, " it has not as yet proved possible to infect Jlfelanoldes 
tuberculata with single miracidia of Transeersotrema patla/ense. In order to assess cercariul 
production rates it was found necessary to utilize infected snails collected from parasite 
maintenance tanks. The origin of the larval parasite population in these experimental 
animals, in terms of the number of miracidia which have successfully infected each snail 
and the age of the larval infections, was thus unknown. 
Infected snails of a given size (weight) range (150-360 mg), showed a remarkable degree 








Fia. 2. The influence of host starvation on daily cercarial production by dklunoMes 
tubercu/ata. Solid circles -mean daily cercarial production rates, estimated over one 
week periods for four infected snails; dashed vertical bars-. 950% confidence limits of the 
:" means. 
aRc 
correlation between weight of host and daily ccrcarial output rate (1' (r "" 0.147)>0.10, 
d. f. - 6) amongst the infected snails used in these experiments. This result is to some 
extent surprising since the carrying capacity of the larval parasite's microenvironment is 
to a large extent determined by the size of the snail's digestive gland. Ilcävier snails 
should thus be capable of supporting higher production rates of cercariae (Wright 1971; 
Eveland & Ritchie 1972). The lack of significant correlation may be due to both the small 
sample size and more importantly the limited size range of hosts examined. In contrast, 
to these observations, ' preliminary results from a much larger weight range of infected 
hfelanoldes tuberculata, collected near Penang in Malaysia, indicate a significant positive 
10 f- 20 30 
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correlation between snail size and cercarial production rate (Dr C. IIetterton, personal 
communication). 
The daily cercarial outputs of the eight experimental snails showed no significant 
temporal trends over'a thirty-five day monitoring period. Linear regression analysis or 
each snail's daily production (y) versus time (x), indicated that the slope of the best fit 
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Fio. 3. Survival characteristics of the cercarlao at 240 C; (r) proportion of larvae surviving 
at consecutive time points: solid circles-observed mean proportions (estimated from rep- licate experiments): solid line-expected proportions predicted by age-dependent survival 
model (equation (6)) ; (b) age dependency of the instantaneous death rate N (t) 14 h"pcriod / larvae: solid circles-observed points: solid line-best fit exponential model of the form 
(t) aa exp (be), where a-0.0082 and b-0.3954; (c) the observed (solid circles) and 
expected (solid line) (equation (7)) 'variances of the proportion of ccrcariao surviving at 
various ages; (d) the age-dependent survival probabilities (Pos) for five eight-h ago classes 
of the larvae estimated from the predictions of the continuous time model (equation (6)). 
In addition, time series analysis, involving the calculation of serial correlation coefficients 
for cercarial production on day t and day t+x, showed no significant correlations for 
values of x from one to eight days for each snail (Yule & Kendall 1965). It is thus 
reasonable to assume that the daily cercarial output rates form a random sequence in 
9 16 24 32 40 
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time for each of the infected snails over the thirty-rive day observation period. Longer 
time sequences of production rates for four snails over 130 days exhibit similar random 
patterns. 
The nutritional status of a mollusc infected with a digenean parasite is known to have a 
marked influence on the rate at which cercariae are produced (Coles 1973). Af. tuberculata 
infected with Transversotreina patialense is no exception, since the type and quantity of 
food provided to the intermediate hosts has a marked influence on larval parasite 
production. Although Afelanoides tuberculata is capable of surviving for comparatively 
long periods, without food, the development of the larval parasite within the digestive 
gland of the host is severely affected. 
Laboratory maintained infected snails were normally provided with excess quantities 
of dried lettuce and proprietary fish food flakes. Figure 2 demonstrates the effect of host 
starvation on the rate of cercarial output for a group of four snails. The mean number of 















FIG. 4. The predicted growth of a cercarial population (C, ) subject to a constant Immigra" 
tion rate of 54.5 larvae per 8-h time period (equation (10)); the inset histogram shows the 
stable age distribution of the larval population at equilibrium. 
the hosts' food supply had ceased. It is interesting to note, however, that the larval 
parasites were capable of continuing development and asexual reproduction once the 
food supply was resumed. A time lag of approximately 3.5 weeks elapsed before cercarial 
production restarted, although a lag of 8 weeks occurred before cercarial production 
rates regained their original levels. 
The influence of multiple miracidial infections on ccrcarial output rates of individual 
snails has not as yet been determined due to the technical problems mentioned previously. 
It appears likely, however, that multiple infections of the snail intermediate host of 
digenean parasites do not-in general lead to markedly increased cercarial production 
rates (Wilson & Draskau 1976). The constancy"of daily output rates of the experimental 
snails of unknown infection origin provides some support for this suggestion in the case 
of Transversotrema patialense. It is likely that a single miracidial infection is capable of 
producing sufficient sporocyst or redial forms, due to the enormous asexual reproductive 
potential of larval digeneans, to saturate the carrying capacity of the parasite's micro- 
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environment within the molluscan host. The snails ability to absorb multiple miracidial 
infections without leading to markedly increased cercarial production may act as a major 
regulatory factor' in the population dynamics of digencans. In the case of T. patlalente 
, the existence of this 
form of density dependent mechanism requires experimental 
verification. 
Survival of the cercarial stage 
The cercariae of T. patialense have a maximum life span of approximately 44 h in 
tapwater maintained at a temperature of 24° C in a light intensity of 150 lux. The ob- 
served survival characteristics of populations of cercariae maintained in 500 ml dishes 
are illustrated in Fig. 3. The points of the graph represent the mean proportions of the 
initial cercarial population alive at time t, estimated from eight replicate experiments. 
The survival process is markedly age-dependent and the graph of p, the instantaneous 
death rate per cercariac per-4 h time period, versus the age of the larvae illustrates the 
functional form of this dependency (Fig. 3(b)). The relationship can be empirically 
described by an exponential model of the form. 
h(t) -a exp(bt)" (3) 
The constants a and b were estimated from the observed data by a non-linear least 
squares technique using Marquýrdt's algorithm'(Conway, Glass & Wilcox 1970) and 
the fit of the model is illustrated in Fig. 3(b). The survival characteristics of n cercarial 
popylation subject solely to natural mortalities can thus be described by an age and thus 
time dependent model of the form 
dýý 
-P(<) C, (4) 
where C, is the number of larvae surviving at time t. Given that there Are C. larvae at 
timet = 0, and the exponential form of p (t), equation (4) has the solution. 
C. w C. cxp[b[1-cxp(br)]]. (5) 
The analogous stochastic model of this process has been described by Anderson & 
Whitfield (1975) and predicts a positive binomial, distribution for the probability P, (t) 
of observing c cercariac alive at time 1. The mean and variance of this distribution are. 
E{C, } "" C, cxp[- jo pp(v)dv] 
and 
(6) 
Var(C1) «ý C, cxp[-fop(u)ctv](1-cxp(-J (v)dv)], (7j 
The observed means and variances of the number of cercariae surviving at various 
points in time show good agreement with the predictions of the model (11g. 3(a). (c)). 
The mean expected life span of a cercaria of age 0, estimated from the exponential model 
of the instantaneous death rate was 2S"35 hat 24° C. 
The brevity of the larval life span is undoubtedly associated with the fact that the 
cercariae of digeneans are in general actively mobile and pi obably non-feeding, possessing 
a finite nutrient reserve. In the case of T. pattalense an Important component of this 
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reserves of the cercariae almost certainly generate the age-dependent death rate illustrated 
3(b): in Fig. 
`A convenient way of representing the continuous time age-dependent death process 
of the larval parasites is to partition the maximum life span into a series of age classes. 
the members of which have various' probabilities of surviving to the next age class. A 
survival probability P, can thus be defined as the proportion of individuals of age I time 
units which survive-to'agc (1+1). Theýage-dependent survival probabilities for the 
cercariae of T. patialense, 'estimated from the predictions of the continuous time model 
(equation 5) are illustrated in the form of a histogram in fig. 3(d), for six 8-hourly age 
classes. ý.. ... ... _ý , ý. _.. . 
Immigration-death model of the, cercarfal, population. with - 
age-dependent survival ratet 
The immigration-death model of the dynamics of the cercarial population described 
earlier (equation 1) contained the assumption that both the immigration and death rates 
A and p, were'constant:.,,:; t- "-: _- 
In the laboratory, within an experimental tank containing a constant number of In. 
fected snails, the daily immigration rate of cercariae into the free-living population can 
reasonably be assumed to be approximately constant. The temporal constancy of the 
output having already been demonstrated. - For, the eight snails used in obtaining the 
daily production rates, the average daily rate per snail was 20.43 larvae (95% confidence 
limit ±5.25). The average total output of cercariae into an experimenta tank containing 
all eight snails is thus 54.48 per 8-h time period. 
The death-rate, however, cannot be assumed to be constant due to the age-dependency 
of the larval survival characteristics (Fig. 3)., In the case of a cerearial population in 
which deaths are entirely due to natural mortalities, the incorporation of the age" 
dependent rates into the immigration-death model can be facilitated by changing from a 
continuous to a"discrete time formulation: if C, -is a column vector containing the 
elements cl (1) denoting the'number of cercariae in the age class I at time t, then the 
appropriate model is of the form - -.. ý. =' . 
a '4r C,.,.. C, A+A (8) 
where one unit of time is equivalent to 8 h. The maximum age class reached by the 
cercariae of T. patialense is the sixth 8-h class and thus the vector C, contains six elements 
where i-0,1, ... 5.. The matrix, A is a transition matrix, containing the survival 
probabilities, the Pis on the off diagonal. 
0.0ý_ --0 
1Pa- - 
A0P, - (q) 
P4 0 
This transition matrix is in essence a Leslie matrix in which the ogc"depcndent te- 
productive rates are all zero since the ccrcarial population does not reproduce, The 
column vector A is the immigration vector of order six, where the only non zero element 
is A0, since all the cercariae released from the infected snails enter the zero cercarial use 
class. 
The general solution of equation (6) is--- 
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(10) 
where C, " is the vector of the number of cercariac in each age class at time t"0 and I 
is the unit identity matrix: When the time parameter t becomes greater than the maximum 
"life spän°of the larval parasite, an equilibrium population size e is achieved where 
Gýý(1, -A)'='A. (1! ) 
A stable age distribution exists-at this equilibrium state, the proportion of the larvae 
in each 'age class being directly estimateable from the age-dependent death function 
(equation (3)). The growth' of a population of cercariae. as predicted by equation (11), 
and subject'to'constantimmigration generated by the cercarlal output from the eight 
infected snails used in the larval release experiments described earlier and natural 
mortalities of the form depicted in Fig. 3, is shown in Fig. 4. A stable age distribution is 
reached after approximately 48 h. At equilibrium. the death rate of the population as a 
whole remains constant. Although each age class has its own age-specific death rate, the 
proportions in which the age classes are present remain constant. 
In reality the death rate is of a more complex form than the process incorporated in 
the immigration-death model. As mentioned previously, two other distinct components 
influence the overall mortality rate; infection of the final fish host by the larvae resulting 
in emigration from the free-living cercarial population, and predation of the larvae by the 
fish host. The infection process leads to immigration into the adult parasite population 
and will be described in the following section of, this paper. 
Predation is a much more complex phenomenon, the rate of which depends on a 
variety of factors, ; the most important being the density of larvae in the habitat or 
experimental chamber. 'Preliminary results indicate that the relationship between the 
number of cercariae eaten by Drachydanlo rerio and the density of larvae is of `igmoid 
form where the number eaten approaches an upper asymptote at high cercarial densities, 
however, the rate of predation is an increasing function of larval parasite or prey density 
and this the functional response of the fish predator can be classified as a type Ill response 
in the terminology of dolling (1959,1961,1965). The fish appears to spend a progressively 
increasing proportion of its time feeding on the prey as the density of cercatiac rises. 
The rise to an upper asymptote is due to both the handling time of the prey by the 
predator and the maximum ration of food the fish can consume in a unit period of time 
(Hassell, Lawton & Beddington 1976; Ivlcv 1961). The nature of this functional response. 
however, is dependent in experimental conditions on a number of other factors such at 
volume of experimental chamber, density of alternative food sources and temperature 
of environment. Detailed experimental results concerning the form of this functional 
response will be described in`a further'publication. In this present paper the dynamics of 
the cercarial population will be considered in isolation from the predatory activities of 
the fish host. 
< .. t Dynamics of the adult parasite population on Nie fish host 
As in the case of the cercariae, an adult parasite population on a single host, is simply 
controlled by two processes, the immigration and death rates. Immigration is determined 
by the rate of infection of an individual fish by the eercarlac and thus is primarily de- 
pendent on cercarial density in the habitat. In contrast to the free-living cercarial stage, 
the death°rate of the adult parasite consists of a single component created by natural 
mortalities on the fish host. Such mortality may be due to senescence, immune responses 
or density dependent effects, 
JUl 
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If both immigration' and death occur at constant rates, a model of the form described 
in equation(l) will describe the essential features öf the dynamics of the adult parasite on 
a single höst. `In practice both rates are unlikely to be constant and hence a detailed 
knowledge 'of their relationship with 'other variables is ideally required. 
Immigration or Infection 
In `environmental, conditions`of_constant temperature, fish density and dark-light 
regimes, the infection process is primarily controlled by two factors, the age structure of 
the cercarial population and the density of larvae per unit volume of water, 
Although the survival characteristics of the cercariae are of obvious{ importance in the 
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flo. 5. The n ean-proportion of the number of vercariae of a given ago to %hkh a host Is 
, exposed, which attach to the fish In a unit period of time (30 min) (solid circlet); solid line-- 
best fit exponential of the form : (t) ox exp %here x "" 0.332 and y ft 0114, 
dynamics of the adult parasite population, they are unlikely to be directly associated with 
the ability öfthelarvae to successfully infect the fish host. 'A larval parasite which hat 
survived for a period of say 40 h. may not have sufficient energy reserves left to enable 
the infection process to be completed successfully. The attachment process is an active 
one requiring a series of behavioural responses which necessitate specific and co-ordinated 
neuromuscular activities (Whitfield, Anderson & Moloney 197S; Whitfield, Anderson & 
Bundy 1976). Because of the finite energy reserves of the essentially non"fccding larvae, 
infection is likely to be' an age-dependent process. A series or experiments were carried 
out to examine this possibility, in which fish which had previously been provided with an 
excess äf food, were exposed to a constant density of larvae of known age for a short and 
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standardized exposure period. The proportion of larvae of known age, which managed to 
successfully infect the host and establish under the scales of a fish during this period is 
shown in Fig. ' 5. As expected, " infectivity decreased rapidly as the cercariae aged and 
larvae older than 22 h failed to establish on the fish. This time span is of similar duration 
to the period during which spontaneous swimming activity of the larvae occurs (Anderson 
& Whitfield 1975): Swimming "activity is undoubtedly a prerequisite for successful 
infection. A, number of other workers have also recorded age-dependency in larval 
digenean infectivity (Evans & Stirewalt 1951; Miller & McCoy 1930; Olivier 1966). 
The relationship between the observed proportion of the density of the larvae to which 
the fish was exposed which attached to the host, g, and the age of the eercariac 1, can be 
empirically described by an exponential model of the form 
8(i) "ß xcxp(-Yi) (12) 
as shown in Fig. S. A further factor which may be of importance in determining the 
infectivity of the cercariae, relates to the experience of the developing larvae in the snail 
intermediate host. For example, the nutritional status of a host may determine not only 
the survival characteristics of the larvae, but also its ability to infect the final host. 
In the case of Schisrosora mansoni (Sambon) cercariac developing in IN«nrphutarlaa 
glabrata (Say), however, Evcland & Ritchie (1972) have demonstrated that although the 
nutritional status of the snail influences the' umber of larvae produced, it does not atTcct 
cercarial infectivity potential. 
Infection ' of, the fish host appears to be essentially a chance process, dependent on 
random encounters between larvae and fish. No specific behavioural responnes of the 
larvae, in which directed 'homing' activities are indicated have as yet ken demonstrated. 
In addition the fish does not appear to exhibit avoidance behaviour when in the vicinity 
of the cercariae. The converse, in fact, is true since fish actively seek out the larvae as a 
potential food supply. The relationship between cercariat density and proportion of 
larvae which attach to a host is thus likely to be one of direct proportionality. 
A series of experiments were carried out to examine the nature of the infection process. 
Individual hosts of ä given length class (2&. 32emin) were exposed for a period of 30 min 
to five larvae in 30 ml of tapwater, maintained at 24" C in a light intensity of 150 lux. 
This infection procedure was repeated a large number of times with different fish. In 
order to assess the distribution of the number of parasites which attach per fish during 
the standardized exposure period. A stochastic model of a pure immigration or infection 
process predicts that the probability distribution of P., the probability of observing it 
parasites on a given host, is of Poisson form. In the case of experimental procedure used 
in this present study, however, the positive binomial is a more appropriate distribution, 
This limiting form of the Poisson model is generated by the high infection probability 
(p) and the finite limit to the number of parasites that can attach to a single host during 
the 30 min exposure period. -These constraints are entirely due to experimental design. 
If infection is essentially a'change process for a fish of given site class, the e. should 
be of the formr 
The observed frequency distribution of the number of immigrant Tara stet per host 
showed good agreement with the predictions of the positive binomial moJCl (1'(x1 we 
4.78)>0.05, d. f. 5). l, % 
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Additional experiments were carried out to examine the relationship bciwcen exposure 
density of cercariae and the number which'attach to a host. Fish were exposed in expcrl. 
mental container's of constant "size (500 ml) to varying densities of larvae 5-2001arvae/500 
ml for a short and standardized exposure period. The observed relationship between the 
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Fla. 6. Survival characteristics of the adult parasite on`the surface of the nth host at 24' C; (a) mean number of parasites surviving at various points In timet solid circles--observed 
means, solid line expected numbers predicted by the age-dependent survival model (equation (6)); (b) age-dependency` of the instantaneous death rate p (t) Iv eek r host: 
solid circles-observed points, solid line--best fit exponential model of the form p (t) +  a 
exp (ß t), where a-0.0242 and a- 0-3591; (c) the observed (solid circles) and expected (solid-line) (equation (7)) variances of the number of parasites surviving at a series of 
consecutive points in time. (d) the age-dependent survival probabilities (N; s for ten 
weekly age classes of the adult parasite, estimated from the predictions of the continuous 
t<<--, time model (equation (6)). 
of linear form and the least square best regression line. constrained to to through the 
origin, has a slope of 0-232 (P(r " 0-972)50-001# d. f. - 18). 
It is important to note that a further biological component operates in these cxpcri" 
ments, the predation' of the laivac by the fish host. The predation rate, as mentioned 
eariler, is not simply propoortional to larval density. In contrast the instantaneous rate of 
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infection is a constant, the number of larvae establishing on the fish being directly 
proportional to the available density of cercariac. Interference between larvae, with 
respect to attachment efficiency has not been demonstrated for densities of larvae up to 
1.0 cercariae/ml öf, water., Furthermore, the rate of attachment has been shown to be 
independent of the number of parasites already established on a given host for densiticc 
up to forty parasites/host (C. A., Mills, unpublished results). 
In any long term experiment of the parasite population dynamics the density of avail- 
able larvae will be strongly influenced by the predatory activities of the fish host. This 
aspect of the parasites' biology will be discussed more fully in a further publication. 
Survival of the adult parasite on the fish liest 
The adult parasite has a maximum life span of approximately 10 weeps on the surface 
of Brachydan; o recto (26-32 mm'size class), maintained In tapwater at approximately 
24° C and in conditions of 12 h light and 12 h dark. The observed survival characteristics 
of populations of fourteen flukes on single fish are Illustrated In fig. 6(a). The points on 
the graph represent the mean number of parasites surviving at half weekly Intervals from 
initial infection (time, t- 0), estimated from, eight separate experiments Involving 
different fish. As in the case of the larval parasites, the survival process is age-dependent 
and a plot of u, the instantaneous death rate per adult parasite per week traut age 
illustrate the functional form of this process (11g. 6(b)). An exponential model again 
provides a good empirical description of the data where, 
r° ýýý 
. . 
N(r) äcxp(ßt). ' (13) 
The constants a and f3 were estimated as described previously (equation (3)) and the 
fit of the model is shown in Fig. 6(b). The survival characteristics of the adult parasite 
can be depicted by än ageand thus time-dependent death process of the form outlined 
in equations (4) and (5). Similarly, the'appropriatc stochastic model, for small initial 
populations of parasites, has mean and variance as determined by equations (6) and (7), 
where "the constants i and bare replaced by and f: In addition If n, is the site of the 
adult parasite population on asingle host at time t, the constant C. In equations (4), (3), 
(6) and_ (7) is replaced by `°n; ''' `ý. _, . e.; <..... -. 
The observed means of the number of parasites surviving at various points In time 
show "good agreement with the predictions of the model (equation (6) and trig. 6(a)). 
The observed variances, however, are slightly: largeron average than those predicted by 
the stochastic model (Fig .s 6(c)). These deviations'from the predicted trend are most 
probably` generated by'variability in the suitability of a host surface its a tmticrocnviton" 
ment for the ectoparasite, resulting in heterogeneity In 'survival of fluke populations 
between hosts. ' Additional variability may' also be created by betwe'en"fluke differences 
due to genetic determinants' or other factors`, generated by `the pirasitcs' experiences to 
the snail intermediate ' host. ' "'' 
The degree of, variability_in'survival characteristics of populations of parasites on 
different hosts is illustrated in Fig. 7, in which the histories of the populations on to 
fish arerecörded. The mean expected life span -of an adult parasite of age zero, estimated 
from the exponential form of the instantaneous death rate is 4 81 weeks. The continuous 
time, age-dependent survival function can also be used to calculate the survival proba" 
bilities (pi) of surviving from age class Ito (1+1). These are tubulated in the form of 
a histogram in Fig. 6(d) for each of ten weekly classes. 
The age-dependency of adult parasite' survival may be` generated by a variety of 
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_ Fia. 7. Histories of two fourteen fluke populations on separate fish (dashed linej) conmpared 
.'° with the expected survival curve (solid tine) (equation (6)). ' 
biological mechanisms, the _two most., obvious of which are senescence and a time- dependent host generated immune response. This latter possibility will be discussed at a 
later stage in this paper. 
Other factors such as wr ater temperature and density of the adult parasite population 
also: influenceKthe survival characteristics of the fluke. Temperature Is a particularly 
important,. -environmental variable, affecting not only, survival of larval and adult di- 
geneans in poikilothermic hosts, but also the rate of larval development in the molluscan 
intermediate host and adult maturation in the, definitive : host (Nice, & Wilson 1974; Ollerenshaw 1971). The relationship between adult and larval survival of T ansvi rrolrrma 
patialense and water, temperature will be explored Ina further publication. 
Density; dependent survival of the adult flukes on the fish host, has not as yet been 
demonstrated for infections up to forty parasites/host, Intraspecific competition for 
available food supplies (the fluke browses on the mucous and epithelial cells of the fish 
skin) and, more importantly, space on the surface of the host will undoubtedly lead to 
increased mortality of parasites at, high densities, -Space is a particularly important 
resource, since a fish of given size possesses a finite number of scales, and the recesses 
under these provide the microenvironments for the adult parasites. Of this total number of 
scales, only a certain proportion are large enough to provide effective protection against, 
dislodgement for, T. paialense, Thus the carrying capacity of a fish of given site will be 
far less than the total number of scales. 
Immigration-death experiments 
Host generated immune responses against parasitic invasion are known to occur to 
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'many host-helminth parasite interactions, particularly In the case of adult worms endo- 
parasitic in homiothermic definitive hosts (Moray, 1969, Phillips et at. 1975). Such host 
responses often affect both the survival characteristics of the adult parasites and their 
reproductive capabilities; egg production decreasing as the immune response develops 
(Michel 1967; Jarrett, Jarrett "& Urquhart 1968). Although T. patlalensc Is ectoparasitic 
in the adult stage, due to its feeding habit of browsing on fish mucous and epithelial cells, 
it is possible that`a host-generated response to parasitic invasion may Influence fluke 
survival. To examine this possibility a series of experiments were carried out in %hkh 
hosts were subjected to a series of temporally overlapping infections in constant environ- 
mental conditions. These experiments enable an assessment to be made of the survival 
characteristics of populations of parasites on the surface of fish which have already been 
repeatedly exposed to infection. If immune responses occur and are or importance at 
the population level, decreased survival would be expected in later Infections. 
Ten fish were infected weekly with approximately two parasites per host and the 
dynamics of each parasite population on the ten fish was monitored over a 19 % eck 
period. To achieve an immigration or infection rate of approximately two parasites! 
host/weekit was found necessary to expose individual fish In the 26-32 mm length class 
(in 30 ml Of water at 24° C, light intensity of 150 lux) to five cercarlac for a period of 30 
min. This standard infection procedure led to some variability in the number of successful 
attachments per fish within an experimental group of hosts of similar size. As discussed 
previously, however, the infection procedure is essentially a chance phenomenon and 
the frequency distribution of the number of parasites per host generated by experimental 
infection methods is empirically described by the positive binomial model. 
It is possible to place a known number of parasites on the surface of an anacxthctired 
host., i3y this method, it is theorctically, possiblc to create a constant Immigration rate 
per unit of time into the adult parasite population on the experimental fish. This technique 
however, places considerable strain on the, fish due to the comparatively long periods 
during which the host has to rcmain'undcr; thc anaesthetic. For this reason, the chance 
infection procedure was utilized in the'immisratinn-death experiments even though lt led 
to variability in the mean number of immigrants received per fish by the experimental 
group of hosts during the course of the nineteen week population experiment. The weekly 
fluctuations in the mean immigration rate's h owed no obvious temporal trends and the 
slope of the linear regression of mean immigration rate versus time was not significantly 
different from zero (P(t -0.221)>0,05,1d. f, M 17). The overall mean of the Immigration 
rate per fish per week, estimated from the weck experimental period was 2-14 flukes/fish 
with a'variance, of 148. ' 
The chance infection procedure used in these experiments had an additional virtue In 
that it more closely approximates the mechanisms of Infection that occur In non- 
laboratory populations of hosts when compared with constant infection rates. In fact a 
greater degree of variability in parasite numbers per host than was generated in these 
experiments would arise in natural habitats due to the many biological and physical para. 
meters which create heterogeneity in parasite immigration between members of a host 
population (Anderson 1974,1976b). 
" The observed mean numbers of parasites per host, recorded over the 19 week expcri- 
mental period are shown in Fig. " 8.. Thc average fluke burden rises to a plateau after 
about ten weeks and then remains approximately constant for the remaining expcti- 
mental period., " " 
In order to assess any changes in Survival, these observed results must be compared 
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with the predictions of a model describing the ' dynamicsof a population subject to a 
constant immigration rateand'an age-dependent survival process which `does not alter, 
in character over" successive time'periods. ' 
:.: , Model of the population dynamics of the adult parasite on tine fish host 
In the case of parasite species such, as T. patlalense which do not multiply within 'or 
on the definitive host, the numerical size'of an adult parasite population is simply 
determined by the immigration and death rates. The immigration rate was approximately 
constant in the temporally overlapping experiments while the death rate of the fourteen 
fluke infections (Fig. 6(b)) was highly age-dependent. The appropriate model for such A 
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Fra. 8. The growth of the adult parasite population (denoted as the mean number of 
parasites/fish) subject to a constant weckly Immigration talc of 2.14 parasites / hostt 
Solid circles--observed points, solid line-predictions of the age-structured lmmlgtatio". death model (equation (15)). The Inset histogram shows the preJietcd stable ago distribution 
of adult parasites at equilibrium. 
If N, Js a column vector containing the elements n, (r) denoting the number or adult 
parasites on a single fish in the age class t at the'time of 1, then the appropriate model 
is of the forrri, _° 
.> ý` .. . '° 
N«i r N1t3+y _ (14) 
where one 'Unit'of time is equivalentto'one week. ` 
The maximum age class reached by the adult parasites as demonstrated by the survival 
experiments (Fig. ä6(d)) is the 9-weck-old age class and thus the vector N5 
, 
contains 
ten elements` where 1 0,1,2, '., " 9. The`matrix H is 'a ten by ten transition matrix of 
similar form to the matrix A (equation (9)), containing the survival probabilities, the 
x 
". """ " .". 
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':,; Pi's, on the off diagonal. V is a column 
vector of order ten, determining the Immigration 
,..,, rate, where the only, non-zero element 
is yo, since all cercariac which attach to a host and 
enter, the adult, parasite population join the zero age clais.. For, comparison . 
with the 
observed results obtained in the, immigration-death experiment, y. 2 14 parasites! 
, -., <<, 
host/week, then the general solution of (14) is 
NjANö+(Iß)"ý(1=13)'y' 
with 'an equilibrium population size of ýý- i 9c ýo'b ^jb fiF 
-,, The predictions of this model (equation (IS)) employing the immigration rate of 2-14 
s ; ü. parasites per week and the survival probabilities estimated front the adult flute survival 
experiments (Fig., 6 (d)) are shown in Fig. 8. It can be seen that they closely, mimic the 
;. v, observed experimental 
data. The close agreenlent between observed and predicted results 
" 
i>. Lgis. / Y 
i5` ß 
¬e 
r2i .a ix IIýý .. 
ý, Y-t, Lý w 
+-" 
a 
0s 10 IS 
Fia. 9. A comparison of the growth of two parasite populations on separate ltsh hosts 
(dashed lines) with the predicted mean parasite burden per hott (solid lino) (c4uatkm (13)). 
4 
confirms the constancy of the survival characteristics of populations of flumes on fish 
which have been` repeatedly exposed to low infections. lt should be noted, however, that 
= these results do not preclude the possibility of high infection levels, resulting In decreased 
worm survival. 
Considerable variability- exists 'in the parasite population sixes-on Individual fish at 
,,, any given point 
in time. Fig. 9 shows the histories of two parasite populations an Separate 
fish. This observed degree of variability is to be expected whcn populations are of small 
size,, due to 11 demographic' stochasticity, in both immigration and survival proccrscs. 
,,, 
The chance infection procedures, used in the experimental design created further hctero- 
ý, ygeneity 
both between fish and through time.. 
A stochastic model, of an immigration-death process in whichthe' death rate is age 
independent and the immigration rate is constant. predicts. a Poisson distribution at 
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(Anderson 1974). If the immigration rate per fish at a given point in time is a random,:. 
variable of Poisson form then a probability model of the population process predicts the 
Neyman type A distribution for Pp(t) (Anderson 1976c). heterogeneity in immigration 
thus creates over-dispersion in the counts of parasite numbers per host. A full stochastic 
model of an age-dependent immigration-death process is more difficult to formulate but 
equilibrium' distributions have been examined, by Seal (1945) and more recently by 
Pollard (1967). For a constant immigration' vector, the number of parasites in each age 
class at equilibrium form a series of mutually', independent Poisson variables and thus 
the distribution of the total parasite population size per host is itself Poisson. This result 
is identical to the age-independent immigration-death stochastic model. Similarly where 
the immigration vector contains elements which are themselves Poisson variants. the 
equilibrium distribution of the number of parasites in'each age class are non-independ- 
ent, positively correlated Poisson variates and thus the distribution of the total number of 
parasites per host is overdisperscd. =:; 
The dynamics of both the cercarial and adult parasite populations 
The behaviour of populations of parasites in experimental tanks in which both infected 
snails and fish are placed is of more complex dynamical form than that suggested by the 
age-dependent immigration-death models (equations (8) and (14)). The framework of 
the adult parasite model is sound but the immigration vector is determined by both the 
size or density of, the cercariat population and'its as'e'distribution. It was shown earlier 
that . the rate of infection of an individual fish in constant environmental conditions 9I 
was simply proportional to the density, of cercariae , per unit volume The degree of 
proportionality, or size of the constant was dependent on the age of the parasitic larvae. r 
In `addition the size of the cercarial population was further influenced by the predatory' " 
activities of the final fish host, ' the rate of predation being some function (as yet un- 
determined) of cercarial den=sity but probably independent of ccrcarial age. , 
The transition matrix"A'(equations (8) and (9), in the model of thet dynamics of the 








where the transition, probabilities are of the form.; 
4. =ü. _., e- `F -" rý -ý: PI(Ci(t)) 1't-ß 
The constant F represents the number of fish present in the habitat or experimental tank, 
while the terms'g1'and q, (C1(t)) represent the. proportional losses due . 
to infection and , 
predation respectively. ' The g, terms are the age dependent infectivity constants estimated 
from equation (12) and the relationship between cercarial density and Infectivity. The 
nature of the function g1(Cj(t)) is as yet unknown but is determined by the functional 
. <` response of the fish predator to ccrcarial density. 
" The immigration vector y, determining the , number of. immigrant larval parasites-, 
entering the adult parasite population on a single fish will thus be of the form.::. <. 
4O6 
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(n: representing the oldest age class in the ccrcarial population).,, ', 
,.,:, The ccrcarial population reaches an equilibrium state after approximately 48 h (I'ig. 
, 
4), a time period which is very short in comparison to the ten week period taken by the 
adult parasite population to achieve a steady state (Fig. 8). After 48 h the Immigration 
term is thus of the form,; 
91 C, 
, 
where C1 is the equilibrium population size of the number of ccrcariae in age class t. 
The total number of immigrants entering the adult parasite population per unit period 
of time is thus 'a constant once the cercarial population is at equilibrium.,,, 
It therefore becomes apparent, that but for the very-early time periods, the framework of the model represented by equation (IS) is appropriate to describe the dynamics of an 
adult parasite population in an experimental chamber containing a constant number of 
fish and infected snails. However, ' before, precise predictions of the dynamics of. such 
parasite populations can be made, 'further experimental work is required to determine 
the nature of the predation losses of the larval parasite population due to the final fish 
DISCUSSION ". .. -, _ 
The experimental investigations described in this paper,, of, the population processes 
influencing theycercärial and adult populations of Transeersotrctrta patlatrnxe, Illustrate a 
number of general points concerning the dynamics of digenean parasites., , t; -, : ý, The survival characteristics of both cercarial and adult parasite populations were shown 
to be age dependent, where the death rate Increased as`, the parasites aged: 'Although 
the biological causes for, such patterns differ widely, as illustrated by the two develop; 
mental, stages of T. patialense, the exponential form of the instantaneous death rate 
appears to be very common among heiminth parasites (Anderson 1976b). The maximum 
life span: oflarval parasite stages such as the ccrcarlae and miracidia of digencans 
(Oliver 
,& 
Short 1956) which are in general thought to be non-feeding and thus possess it 
finite energy reserve, arc invariably, short, the duration being of the order of hours rather 
than days. It is these stages which are responsible for the transmission of the parasite 
from one host to the next in the life cycle and thus maximum survival in the early stages 
of, the life span is important since, -as. illustrated by the cercarlac of 7", pattalcnst, In- 
fectivity which may itself be age dependent Is often at a peak during this period. In 
general adult worm life spans, however, are usually much longer In comparison, since 
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it is these stages which are responsible for egg production, the magnitude of which 
determines the transmission' fate of the parasite from final to Intermediate host (Fig. 1). 
Egg' production' itself, is often" age' dependent (Anderson, 1976b) and thus ' an' optimum 
strategy for the parasite would entail maximum survival during the age classes when 
peak` egg "production occurs Little_ evidence is available at", presentI to examine, this 
possibility, ' but other factors such as host generated, immune responses which often 
influences both survival (Jarrett et al. 1968) and egg' production (Michel 1967) will-also 
play a major role in determining observed patterns. ti 
A'surprising feature-of cercarial production was the remarkable temporal constancy 
in' daily output of infected snails. ' The'apparent randomness of the time sequences of 
output from individual snails is; also of interest, In'terms' of the -dynamics of natural 
populations of parasites and hosts it is apparent that in order to'predict the total daily 
cercarial output into an`aquatic habitat, 'a knowledge of the number of snails In each size' 
(age) class öf hosts is ideally required since there are Indications that Individual cercarial, 
production is linked 'to the size of the host. ' For the' purposes of experimental work, _ however, the introduction of 'a known number£of infected snails Into an experimental 
tank will result in a' constant cercarial input, into the-system, " provided all the Infected 
snails'survive the duration of the experiment. The most Important, factor determining' 
output appears to bbe , the' nutritional state or ihe'molluscs, starvation resulting 
In the, E 
cessation of ccrcarial production. - In "natural habitats periods of adverse climatic COn= 
ditions, ' due to, seasonal, trends, could -'thus lead to marked seasonality In cercarlal 
production and thus in the dynamics of the complete parasite life cycle, It s as interesting 
to'note, ' however, that the larval stages of the parasite were capable of resuming their 
production once conditions improved, the food supply to the snail being restarted. 
Of the'population processess examined in this present study one of the most important, 
is'the infection of the fish host by the cercariac Infectivity itself appears to be 'A relatively 
simple process. Although dependent on the age of the larvae, 'the rate was shown to be 
simply proportional to the density of cercarine In the habitat and essentially involved 
chance"contacts' between host and parasite. *. Of more Importance, due to Its influence 
on the`cercarial density and thus the rate of Infection, Is the predatory activity of the fish 
host. The form'of the functional response of the fish host to cercarial density undoubtedly 
plays a major" role in determining' the, dynamics "of the complete parasite life cycle. 
Preliminary observations on Brächydanlo rcrlo conform to the generally accepted premise 
that relatively sophisticated predators such as fish exhibit type III functional responses. , 
The response curve is often sigmoid approaching an upper asymptote (I lolling 1963), 
the fish learning to'spend an increasing proportion of its time feeding on the prey as 
density increases. These sorts' of functional responses have "recently been discussed In 
detail with ; respect to arthropod `predators and parasitolds (Hassell eI al, 1976,1977). 
These authors have made, the' important observation, also noted by other wcnkcrs, In" 
particular Rolling (1965) and Murdoch . 'Oaten (1975); that type Ill responses can 
potentially, stabilize the interaction between predator and prey populations, Such Inn's 
liuences mayoccur'in the case of the cercariae`of, 7-ransrcrsoircnia parlaknse and the ,. _ fish'predator: If the equilibrium cercarial population size Is in the region where the late 
of predation is än increasing function of prey density, dien the core rlac death tute wIII 
be density`dependent, high`densities resulting in an Increase In therate., In such a`eate, ` 
the predatory activity of the'final fish host may. play a major role In' regulating the" 
interaction between host and parasite. The exact form of the functional rclationshtp 
between' the predatory activity, of Brach)-danlo rerlo and'the density of ccrearlao"of 
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Tränsversötremä pateulense, plus' the influence' of this process on the Infection of the 
`final host will be considered in greater detail in a further publication. 
The population` models described in this paper are constructed around the framework 
of immigration-death processes and thus predict growth to a single stable equilibrium 
state. This pattern of behaviour is artificial, being caused by the assumption of constant 
immigration rates and the examination of compartments of the life cycle in isolation 
(Fig. ` 1). The behaviour of one compartment or population is in reality'determined to a 
large extent by the behaviour of the preceding compartment in the cycle. The dynamics 
of the cömplete life cycle can thus only be fully `understood by regarding all the Inter- 
connecting compartments as a single unit possessing its own unique dynamical behaviour. 
The complex nature of many helminth parasite life cycles has tended to lead to con- 
fusion in the parasitological literature concerning the existence and relevance of density 
dependent regulatory mechanisms. ' It has-been argued that the complexity of the cycles 
themselves, resulting from the many host and parasite populations Involved (I'll. I) 
generate's`the stability of the'system. it is difficult at present to assess whether the com- 
plexity'of parasite ' life cycles enhances or decrease's the stability of Such systems. The 
lack of knowledge in' this' area, however, 'does not detract from the 'obvious need for the 
presence of density-dependent processes in order to regulate population growth In com- 
"plex parasite life cycles. The numerous host and distinct parasite populations Involved in 
digenean'life cycles leads'to thc'prc cnce of large numbers of rate parameters which 
creates many opportunities for density-dependent responses to occur. 
In the case of T. pattalense, the probable existence of two such'procYsses, the predatory 
activities of the fish host and the influence of multiple miracidial Infections on the snail 
host, 'have already been suggested. It is highly likely, however, that other such processes 
occur. The survival and rate of egg production'of the adult=parasite on the fish host are 
obvious examples due to the finite nature of resources such as'number of scale recesses 
and available food on the surface of d fish. Preliminary observations'ulso suggest that 
both the survival and' reproductive capabilities of the snail Intermediate host Afelan olds 
tuberculata, are adversely affected by infection with Transvcrsotrrnra patlatenre. Parasite 
induced alterations in host'mortality and reproduction have been recorded for infections 
of other larval digeneansý(Pan 1965): Finally, very heavy infections os the fish host with 
the adult parasites may also lead to increased host mortality. 
It thus appears'likely that the life cycle of 7'. patlalense contains many densitydepens 
dent population processes. The dynamical behaviour of the system will thus be complex 
and it is possible that as series cif stable, equilibrium states exist for both the host and 
parasite populations in `a given habitat., - 
° Density independent factors, such as water temperature will also play a major role in 
-'ý determining the dynamics of a parasite which utilises two poikilothermic hosts and has 
twodifferent larval stages free-living in the aquatic habitat: In the experiments described 
in'this paper, temperature was maintained at a constant level, but in natural habitats 
seasonal fluctuations in this factor will no doubt lead to cyclic oscillations In population 
size (Anderson 1976a). 
To' conclude, it is very apparent from the preceding discussion that a great deal of 
experimental work remains to be done before even a superficial understanding of the 
dynamics of this' complex, digenean life cycle can be achieved. 'ihemany pulation 
processes, ý outlined in FigýI'all require detailed experimental attention. Due to the 
manipulability of the` T. patlalcnse life cycle in the laboratorywe feel optimistic about 
attaining some degree of insight Into the dynamical properties of this particular host. 
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helminth parasite system. We feel that it is important to gain an understanding of such 
population interactions due to the economic importance of many parasitic species with 
similar complex life cycles. _-' 
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SUMMARY. 
(1) The biological components or the population- dynamics of tlic cercarial an d adult 
stages of the'cctoparasitic digencan, Transversolremna patialense are examined within an-. o; - 
experimental framework where' temperature and dark-light regimes remained constant. 
(2) The, survival characteristics'of. the larval and adult parasites'are shown to be age. 
dependent. At 24° C the maximum life span of the cercariae is approximately 4411 U11110, -, 
that of the adult is-close to 10 weeks: "; - (3) The factors influencing cercarial'production by the molluscan interiýrcdiate host_- 
Melanoides tuberculata are discussed. The size of the snails and their nutritional status 
are suggested to be important determinants of larval parasite production. 
(4) The temporal constancy`of cercarial output by snails of unknown Infect(on, origid 
is discussed in relation to single and multiple miracidial Infections. It Is suggested that- 
multiple infections do not lead to ' greatly, increased larval production. 
(5) Losses from the". free-living cercarial populations arc shown lo'be' due'to three 
processes; natural mortalities, infection of the final fish host and prcdati n by the nth, 
(6) Infection'of the fish host, `Brachyydanlo'rtrlo, - Is shown to be essentially a chance 
process depending on random' contacts between host and cercariae. The rate of infection 
is thus directly proportional to the density of larvae In an aquatic habitat, although the 
degree of proportionality is shown to be dependent on the age of the cercarlac: 
(7) It is suggested that predation is a very important component of the dynamics ofthe ,,. larval parasite population and that the functional response of the fish predator to prey 
density is sigaioid in form: 
(8)The survival characteristics of the adult parasite on the fish host are shown to, Ef; remain constant in form, in ý parasite populations subject to temporally overlapping 
infections:: This observation is taken to suggest that ° host generated Immunological 
mechänisms'areýnot important in the dynamics at the parasite population levels used in ` 
the experiments., 
(9) The, regulatory influences in the complete life cycle of 7ransrcrsotrrmo pattalrnIa 
are discussed in`gencral terms. The existence of a'number of density dependent process` 
in the life cycle is suggested, including predation, infection of the snail host, adult Parasite, - 
survival and fecundity and mortality of infected Intermediate and final hosts. '' 
(10) Deterministic immigration-death models, Incorporating population age structure 
are developed to describe the dynamics of both cercarial and adult parasite populations. 
Stochastic influences are discussed in" relation to immigration and mortality. = `° °ý 
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